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Abstract
Wireless Local Area Networks (WLANs) have become a major success in telecommunica-
tions during the last few years, due to advantages such as mobility, flexibility, and easier
maintenance. A device called an access point (AP) acts as a base station in WLAN for
connecting a group of users to the network via radio signal. During the planning of such
a network an important problem is to determine the optimal number of these devices and
their placement/distribution so that coverage, capacity, and physical security are maximised
at minimum cost.
In this thesis we are using continuous optimisation techniques to optimise the number
of APs and their distribution while cost of deployment is reduced and physical security of
the network is enhanced.
To find the number and placement of APs, we developed a multi-objective functions
model based on path losses and power for free space environments. The two functions in
the models are combined by using a balancing parameter.
Since it is recognised that some of the objectives can be handled one at a time, in another
approach, we followed a step-by-step procedure. We start with a novel optimisation model
based on path losses for indoor environments including obstacles. Cost of deployment
is saved by finding the minimum number of APs ensuring that the path loss at each test
point/receiver is below the given maximum path loss.
Next, the physical security of the network is enhanced by placing the APs far from
places accessible to unauthorised users to reduce the risk of intrusion into the network.
This is achieved in the framework of the model by introducing potential unauthorised users
in unauthorised areas for whom coverage is minimised.
Due to the presence of obstacles in indoor buildings, the path loss function is discon-
tinuous. Therefore, the objective functions are very complicated and most of the existing
optimisation algorithms cannot be applied to solve the problem. We use a global optimisa-
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tion algorithm that is not used by other researchers to solve the same problem.
To validate the accuracy of the optimisation model and performance of the numerical
methods, we run tests on several indoor buildings and use wide range of WLAN parameters.
The results demonstrate the quality of our model and algorithm.
Based on the proposed model and algorithm, we developed a software to assist the
network designers in planning wireless LANs.
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Introduction
Freedom to communicate irrespective of time, location and situation is the driving force
behind the success of Wireless Local Area Networks (WLANs). It is expected that they
will be used to complement, or replace, traditional wired Local Area Networks (LANs).
The growth of WLANs is not limited to one country, but is global in scale. As the market
is growing rapidly, the need for an efficient and fast design technique with minimum cost
becomes a central problem.
Each computer on a WLAN has a wireless network interface card (WNIC) that performs
the same functions as a traditional network interface card except that it has an antenna built
into it. The WNIC sends and receives signals through radio waves to and from an access
point (AP). Through APs, all wireless devices can communicate with the devices that are
connected to the wired network. Thus, an AP acts as a base station for a group of users
within the basic geographical service area. Each AP has a radio range for communication
with WNICs. The maximal area that an AP can cover is called a coverage cell. While cells
must overlap for users to be able to roam from one AP to another without interruption, the
number of APs should be minimised in order to reduce the cost of deployment, interference,
and the number of handoffs.
The metrics that are used to measure the quality of design in WLAN include the cov-
erage, capacity, interference, and security. Coverage is governed by the range over which
APs can serve mobile users. This range is affected by the power of the AP, receive thresh-
old, carrier frequency, and the numbers and types of obstacles existing in the paths of radio
waves. Factors that can affect capacity are: number of users served by one AP, types of
applications used by clients, the power of AP, receive threshold, type of antenna, type of
technology in the WLAN, and interference. Physical security of the network is affected by
the power of the APs and their location. When APs are placed close to external walls or in
unauthorised areas, an opportunity is provided for intruders to access the network.
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Choosing the number of APs and their distribution in a design space is referred to as
network planning. For availability and reliability of the network, designers seek the optimal
number of APs and their distribution in the service area, aiming to maximise coverage,
capacity, and security while reducing the deployment cost. Seamless coverage for mobile
users must be ensured. This in essence is an optimisation problem, hence, the following
question becomes paramount: how can optimisation be used to solve the network planning
problem in wireless LANs while security is maximised and deployment costs is reduced?
Network planning in WLANs is inherently a continuous optimisation problem because
APs can be placed anywhere in the design space in order to obtain maximum coverage for
mobile users.
Thus, the aim of this thesis is to use continuous optimisation techniques to find the op-
timal number of APs and their distribution in the service area while the cost of deployment
is reduced and the physical security of the network is enhanced. Two types of modeling
approaches are proposed.
In the first approach, we developed a multi-objective functions model based on path
losses and power for free space environments, to find the number of APs and their place-
ment. The two functions in the model are combined with a balancing parameter.
Recognising that some of the objectives can be handled one at a time, in the second
approach, we propose a step-by-step procedure. We start by developing a new model to
find the minimum number of APs in a design area that includes obstacles. The cost of
WLAN deployment is minimised under the condition that all users access the network with
a signal above a given threshold value.
The physical security of the network is enhanced by moving APs far from places ac-
cessible to intruders to reduce the risk of intrusion into the network. This is achieved by
including another objective function in the model where in the model APs are moved away
from unsafe areas.
We have solved multi-objective functions models by a nonsmooth optimisation algo-
rithm. The objective functions in the second model are discontinuous due to obstacles in
the path of radio waves. Therefore, most of the existing optimisation algorithms cannot be
applied to solve such problems. We have used the Global Optimisation Algorithm (AGOP)
developed at the University of Ballarat. Neither of the algorithms are used previously by
other researchers to solve the same problem.
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We tested the multi-objective functions models on obstacle free areas. The effectiveness
of our second model and algorithm are validated on several buildings. All models are tested
with parameters of WLAN.
Based on the proposed optimisation model and algorithm, we developed a software tool
to assist the designers in network planning in WLANs.
Developing models for achieving capacity and removing interference is beyond the
scope of this thesis. However, through numerical results, the relationship between coverage
distance, number of APs, capacity, cost, and processing time is described.
Thesis Organisation
The first Chapter is divided into two parts. The first part is an overview of the existing work
on optimisation-based solutions to the network planning in WLAN. Based on the review,
in the second part, the aims of this thesis and methodology we have adopted to solve the
coverage and physical security issues with minimum cost are elaborated.
In the second Chapter, we explain a multi-objective functions model based on path
losses and power that we have developed to find the number and placement of APs. The
total objective function is a convex combination of objective functions. We have solved the
problem by using a nonsmooth optimisation algorithm. The advantages and drawbacks of
these models are evaluated by conducting comprehensive tests on free space environments.
Chapter 3 presents a step-by-step modeling approach that has been followed to find
the number of access points and their distribution in indoor environments. The objective
function in this model is based on path losses. To solve the optimisation problem, we have
used the Global Optimisation Algorithm (AGOP). The model and algorithm are evaluated
on several indoor buildings.
Chapter 4 presents an extension of the optimisation model developed in Chapter 3 in
order to enhance the physical security of the network. In this model APs are moved away
from exterior walls and unsafe areas in order to lessen the chances of intruders accessing
the network. We have solved the problem by using the same algorithm used in Chapter 3,
and is tested on the same buildings.
We have used the parameters of the WLAN and size of coverage area to validate our
model and algorithm. The effect of these parameters on the coverage, cost, capacity, and
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processing time is discussed in Chapter 5.
Based on the proposed model and algorithm, we have developed a software tool for net-
work planning in WLANs. Chapter 6 describes the features and operation of this software.
4
Notation
Throughout this thesis the following notation is used to describe the path loss models, opti-
misation models, and the results.
aj, j = 1, . . . , N Access point (AP).
ri, i = 1, . . . ,M Test point/potential user/potential receiver. In the description of
the models and analysis of the results in this thesis, potential
users/potential receiver do not represent the real users/receivers,
but rather a placement where a user/receiver could be.
Pr(aj, ri) Power received by the receiver ri from the access point aj .
Pt Transmit power/power of the AP.
Gt Transmit antenna gain.
Gr Receive antenna gain.
L System loss.
d(aj, ri) Distance between the AP aj and user ri.
pl(aj, ri) Path loss from user ri to the AP aj .
pl(d0) Path loss at reference distance.
d0 Reference distance.
n Path loss exponent.
f Carrier frequency.
c Speed of light.
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λ Wavelength is designated by λ, and is the distance between the
two consecutive maxima or minima of a wave.
lt Loss associated with the type of obstacle.
nt, t = 1, . . . , T Number of T types obstacles.
plmax Maximum tolerable path loss.
dmax Maximum coverage distance of an AP.
Rth Receive threshold/receive sensitivity.
ψ ∈ [0, 1] Convex combination coefficient.
Pr(d0) Receive power at reference distance.
prmin Minimum received power.
Rp Penalty parameter.
r˜k, k = 1, . . . , K Unauthorised user.
d(aj, r˜k) Distance between the AP aj and unauthorised user r˜k.
pl(aj, r˜k) Path loss from unauthorised user rk to the AP aj .
t1 Time to find the number of APs.
t2 Time to find the placement of APs.
tt Total processing time.
Hz Hertz, unit measurement of frequency.
m Metre, unit measurement of distance.
s Second, unit measurement of time.
h Hour, unit measurement of time.
dB Decibel, a standard logarithmic unit to decibel the ratio of two
powers, voltages, or currents.
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dBm Decibels of electrical power with respect to one milliwatt.
All points in the design area are represented by their coordinates (either two - on the
plane or three - in the space). In this research we assume the distance function to be Euclid-
ean, hence the distance between the AP aj and the receiver ri is given by:
d(aj, ri) =
√
(r1i − a1j)2 + (r2i − a2j)2 (1)
where aj = aj(a1j , a2j), and ri = ri(r1i , r2i )
It should be noted that aj represents the unknown coordinates of the AP. Their number,
N , is not known either. The coordinates of potential user, ri, and potential unauthorised
user, r˜k, are assumed to be known. These users are distributed in the design area as a means
for calculating the loss or strength of the signal. Areas including test points/potential users
are referred to as demand areas.
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Background
Although the Wireless Local Area Networks (WLANs) market has grown tremendously
during the last few years, their deployment has become the primary concern of information
technology managers. Among their concerns are: security, reliability, availability, perfor-
mance under load, deployment, mobility, cost, and network management [32].
In wireless LANs, coverage is provided by distributing a sufficient number of APs in the
design area. However, placing too many APs increases the cost of deployment and interfer-
ence and too few generates a coverage hole. Coverage (finding the number and placement
of APs) is affected by the parameters of WLANs (transmit power, receive threshold, carrier
frequency) and the number and types of obstacles in the area. Continuous coverage facil-
itates mobility and availability, hence increases the reliability of the network. Capacity of
the network can be increased by assigning load and channel to the APs and correctly config-
uring their parameters. The first step towards security in wireless LANs is to place the APs
far away from exterior walls and remove them from unauthorised areas [3, 35, 85, 86]. This
prevents radio signals radiating beyond the building. For the interested reader, an overview
of the operation of WLAN is provided in Appendix A.
Different techniques have been presented for deploying WLANs. In this chapter we will
discuss these practices, their advantages, and disadvantages. Since the aim of this thesis is
to use continuous optimisation techniques to solve the coverage and physical security issues
in wireless LANs, we will give an overview of different approaches in optimisation used
by other researchers to solve the same problems. Based on this review, we will be able to
elaborate the aims of this thesis and the methodology we have adopted to reach our goals.
In order to determine the size of coverage area of an AP, it is essential to know the path
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loss information. Therefore, we will also describe the path loss models used throughout
this thesis as a basis for developing the optimisation models.
1.1 Preliminaries: Propagation Models in Telecommuni-
cations
In order to develop the optimisation model, it is necessary to use a propagation model to
predict the loss or strength of signal at various locations from a given AP. Several types of
propagation models have been developed. These models are divided into large-scale prop-
agation models and small-scale propagation models [60, 63, 69]. A large-scale model finds
the average signal power at a receiver, given various characteristics at both the transmitter
and the receiver, and along the path. These models are suitable for estimating the coverage
distance of a given AP and, therefore, they are used for coverage planning purposes [63].
On the other hand, a small-scale propagation model characterises rapid fluctuations of the
received signal strength over very short distances.
Large-scale models can be categorised into empirical models and ray-tracing based
models. Empirical models are developed based on statistical results that are obtained by
conducting experiments in different environments. It is proven that these models are easy,
accurate, and efficient [29, 60, 63, 69] to use. Many researchers [1, 2, 6, 24, 28, 41, 42, 64,
65, 67, 75, 79, 81, 82, 90] have used empirical models to calculate the loss of signal at the
receiver.
Ray-tracing, which is a global illumination based rendering methods, traces rays of light
from the source to the eye, and back through the image plane into the scene. Then, these
rays are tested against all objects in the scene to determine if they intersect any objects [44,
59,91]. Ray-tracing yields very accurate results, but suffers from computational complexity
[10, 23, 42, 79, 90]. Several researchers [23, 30, 42, 79, 90] used ray tracing to find the
propagation data.
1.1.1 Free Space Propagation Models
The difference between the level of the transmitted signal and the received signal is referred
to as the path loss, and it is measured by averaging the received power over several wave-
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lengths at the receiver. The path loss model is the core of the signal coverage calculation
for any environment [29, 60, 63, 69]. By using path losses, it is possible to calculate the
coverage area of the wireless base station and APs, as well as maximum distance between
the transmitter and the receiver.
The free space propagation model is used to predict the strength of the signal for en-
vironments where there is a clear line of sight (LOS) path between the transmitter and the
receiver. The power Pr(aj, ri) received by a receiver ri, which is separated from the AP aj
by a distance d(aj, ri), is given by the Friis free space equation [69]:
Pr(aj, ri) =
PtGtGrλ
2
(4pi)2d(aj, ri)2L
(1.1)
where Pt is the transmit power; Gt and Gr are the transmit and receive antenna gain respec-
tively; λ is the wavelength, and is related to carrier frequency f : λ = c/f ; L is the system
loss which is related to the transmission line attenuation, filter loss and antenna loss. We
assume that there is no loss in the system, therefore, the value of L = 1.
Assuming antennas with unity gain on both sides, the path loss pl(aj, ri) in decibels
(dB), which is the loss of signal due to the distance in the free space environments can be
defined as [63, 69, 76]:
pl(aj, ri)[dB] = 10 log
Pt
Pr(aj, ri)
= 10 log
(
4pid(aj, ri)
λ
)2
· (1.2)
This representation is not applicable when the points aj and ri are very close to each
other. For this reason, large-scale propagation models use a close-in distance, d0, which is
known as the received power reference point. If d(aj, ri) is less than the reference distance,
d0, then it is usually assumed that path loss, pl(aj, ri), is constant and equals to the path
loss at the reference distance, which can be calculated from [60, 63, 64]:
pl(d0)[dB] = 10 log
(
4pi
λ
)2
· (1.3)
Using this equation, (1.2) can be rewritten as
pl(aj, ri)[dB] = pl(d0)[dB] + 20 log
d(aj, ri)
d0
· (1.4)
Note that the representation (1.4) is true only in the free space environments. In general,
the path loss exponent, n, should be taken into account [22, 60, 69, 74]:
pl(aj, ri)[dB] = pl(d0)[dB] + 10n log
d(aj, ri)
d0
· (1.5)
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The value of n depends on the specific propagation environment. This value is larger
when obstructions are present in the path of the radio waves. In free space, one can take
n = 2 and (1.5) reduces to (1.4).
In a small propagation environment, the value of d0 in (1.4) and (1.5) can be taken as
equal to 1 [60, 63, 69, 74].
The path loss model given by equation (1.5) can be used to calculate the coverage range
for wireless devices such as AP. In this case it is necessary first to evaluate the maximum al-
lowable path loss (plmax) using transmit power and receive threshold, and then to determine
the corresponding distance.
1.1.2 Obstructed Line of Sight Propagation Models
Tests have shown that the number of floors and obstacles between the transmitter and the
receiver have influence on the propagation of radio waves. Different models have been
developed that take into account the number of floors and the construction materials.
Path Loss Models Using Building Materials
A building can have a wide variety of partitions and obstacles that affect radio waves. Parti-
tions vary in their physical characteristics. Each type of partition results in a particular loss.
In one type of partition-dependent model, the path loss exponent n is taken to be equal to
2 (as for free space) and an additional loss is introduced for each type of partition. In this
case the path loss formula can be written as [63, 64, 74]:
pl(aj, ri)[dB] = pl(d0)[dB] + 20 log
d(aj, ri)
d0
+
T∑
t=1
ntlt (1.6)
where nt represents the number of obstacles of type t (for example wall, window); lt repre-
sents the loss in dB attributed to this type of obstacle, and T is the number of different types
of obstacles. Some authors [1, 2, 75, 81, 82] have used this path loss formula to construct
their optimisation models.
Note that function (1.6) is discontinuous because of the presence of obstacles. For ex-
ample, a move around the corner of a building or a wall can cause the received signal to
drop suddenly. These sudden changes cause the optimisation model to become discontinu-
ous [1, 23–25, 30, 42, 65, 68, 72, 75].
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1.2 Approaches to WLAN Designs
There exist several approaches to the design of wireless LAN, ranging from entirely manual
approaches, to automated solutions. In this section we will briefly mention these techniques
before reviewing various existing tools and algorithms for designing WLANs automatically.
1.2.1 Manual Network Deployment
Traditionally, mathematical models are not used when designing wireless networks. In
most cases, the network is deployed using a trial and error technique. Several surveys and
analyses have been published [31, 33, 89, 90]. Here we will just mention the most popular
techniques.
User Deployment
User deployment [89, 90] is the simplest method. Users themselves are in charge of the
design and they install a few APs in the areas where coverage is required. No planning
method is required, and the user skips proper propagation analysis. Although this method
is easy and cheap to implement, the quality is not very good. The resulting AP positions
can have areas with excessive coverage overlap, and other areas with a coverage gap. For
this reason, this method is used for small areas, or for dense networks with relatively large
cell overlap.
Grid Installation
The Grid installation technique consists of dividing the area into a grid of N cells, where
N is the total number of available APs. The APs are then installed in the centre of these
grids. This method reduces the risk of coverage gap compared with user deployment; but
the process is more expensive due to the requirement of finding a suitable grid (see [89,90]).
Furthermore, this technique only works well for obstacle-free areas and cannot be applied
to environments with difficult propagation characteristics.
Site Survey
When the network is more complex, network operators resort to a more complex technique
called site survey. The procedure, comprehensively described in [5, 17, 20, 68, 84], is based
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on the following steps:
1. A preliminary placement is performed.
2. The network designer is required to go around the facility and measure radio fre-
quency signal strengths several times at different pre-determined locations. This al-
lows the software to detect which AP is available for association at each location, as
well as the signal strength, noise level, and packet error rate.
3. If coverage gaps are found, the APs are repositioned, or additional APs are installed
and the procedure is reiterated.
A different approach in [31] is used for installing large-scale wireless LANs. In this
method, the author uses geometric shapes such as cylinders and cubes for approximating
the coverage of APs, in order to avoid the coverage gap and overlap between APs operating
on the same channel. Based on procedures, a computer-based tool is developed that helps
the designer to walk around and place the APs in the area. The same author, in [33], also
describes a procedure for estimating the coverage area of relocated APs.
Despite these comprehensive procedures, it is proven that performing experiments on
premises is time consuming, expensive, and not reliable [1, 23, 32, 42, 67, 68] due to the
characteristics of the building and the location of users changing over time.
An automatic software tool is developed in [64, 77] for estimating only the coverage
region of the APs in the area. With this tool once the designer chooses the number and
placement of APs, the software only shows the coverage region of APs.
1.2.2 Optimisation Techniques
In order to avoid the disadvantages of manual techniques in the design of WLANs, a new
computer based tool [1, 23, 32, 42, 67] is needed to overcome the problem. Using this
tool, the user should be able to enter the design parameters and constraints, and the system
produces a reliable design that needs little refinement.
Optimisation has numerous advantages and can facilitate this tool. It enables the de-
signer to optimise the number and placement of APs with respect to coverage, capacity,
cost, and physical security. It can also provide the user with an automated tool that can
solve the problem quickly and effectively.
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The process of optimisation includes: recognition of the problem, modelling (formula-
tion) of the problem, choosing an algorithm suitable to the characteristics of the objective
function to solve the problem, and evaluation of the results. The obtained results rely on
the optimisation model and the optimisation algorithm.
The usage of optimisation for WLAN design is the subject of abundant literature [1, 2,
6–8,10,23–25,28,30,41,42,53,65,67,71,72,75,79,81,82,90] and will be reviewed in the
next section.
Almost all existing techniques are based on the following process:
• Propagation models are used to estimate the loss or strength of signal at a given
location from a given AP, based on the geometrical characteristics of the area.
• The problem of designing the network is usually converted into a mathematical prob-
lem either through constraint validation problems or optimisation problems.
• The optimisation problems are then solved using suitable algorithms, and the solu-
tions are translated back to actualise the design.
1.3 State of Research
1.3.1 Identification of the Aims and Constraints in WLAN Design
The first issue that arises in the modelling process in optimisation is that of defining the
objectives. In the case of wireless LAN design, the aim is to adopt a good deployment
technique, based on certain criteria. The most important criteria (see [32, 68]) are:
Coverage
Coverage area in a wireless network is the area in which it is possible to access the network.
Obviously, it is desirable that the network can be accessed from anywhere within the service
area. Hence, coverage is an important issue in the development of all optimisation models,
and is often written as a hard constraint: any location within the area should be within the
reach of at least one AP. The coverage problem (finding the number and positions of APs)
has been studied in [1, 2, 7, 23–25, 28, 41, 42, 53, 65, 67, 75, 81, 82, 90]. Finding only the
placement of APs using optimisation technique is studied in [10, 30, 72, 79].
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Cost
The second most covered criterion in the literature is the cost. The aim is to design a
network as cheaply as possible. In the case of a wireless LAN, the cost is related to: the
cost of equipment, such as APs and cables from APs to the server, and the cost of labour.
In order to minimise the cost, many researchers have tried to minimise the number of APs
(see [1, 2, 23–25, 28, 41, 42, 53, 65, 67, 71, 75, 81, 82, 90]).
Mobility
Supporting mobility is the primary advantage of a wireless LAN system. Mobility means
that the user should be able to move around while connected to the network and contin-
uously access the services from the system. In order to provide a seamless roaming for
mobile users, coverage overlap between neighbouring APs must exist [13,18,31,32,68,92].
Interference
In addition to the main signal, several other signals may arrive from other APs or electrical
equipment ( [13,60]) to a receiver. When these signals have the same frequency (co-channel
interference) [31, 43, 63] or adjacent frequencies (adjacent channel interference) [63], they
create interference with the main signal and information may be lost. Interference is con-
sidered as the major bottleneck in increasing capacity [69].
Interference is usually reduced through judicious channel allocation ( [43, 63, 69–71]).
Other techniques include using adaptive antenna [79], minimising overlap between APs
( [7]) or controlling traffic ( [28, 53]).
Capacity
The number of simultaneous users that an AP can support depends on the amount of data
rate that is assigned to it. Bandwidth is shared among users associating with an AP. Users
who are constantly on the network and downloading large files are causing the total avail-
able bandwidth to shrink more. If the amount of data that is carried exceeds the capacity of
the AP, then packet loss or loss of connectivity can happen.
Since, in a wireless network, users are mobile the capacity issue is extremely complex,
and in general it is addressed by providing a sufficient number of APs [67,71] while control-
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ling interference [10, 30, 67]. Other approaches that have been used for increasing capacity
include controlling the traffic [53, 67], channel assignment [71], and usage of adaptive an-
tenna [79].
Physical Security
Wireless LANs are more at risk of getting accessed by external hackers than traditional
wired networks due to the nature of radio waves, which can travel through obstacles [13,
19, 35, 66, 79, 87]. During the deployment, a secure environment in which the network
elements are operating must be provided.
There are two facets in implementing a secure network. On the software side, a good
privacy and authentication programm should be used to prevent unauthorised users to con-
nect to the network. It is, on the other hand, possible to reduce the risks of intrusion by
placing the APs far away from exterior walls and unsafe areas in order to reduce the ac-
cessibility of the network (see [3, 4, 13, 35, 85, 86]) beyond the building. Yet, to the best of
our knowledge, no research has been done to integrate the criterion of hardware security of
WLANs in optimisation models.
1.3.2 Formulation of the Optimisation Problem
In essence, the WLAN design problem is an optimisation problem: to find the number and
placement of APs in order to cover the design area, to secure the position of APs, to save
deployment costs, to increase capacity, and to assign channels to APs. Hence, the major
focus in the existing research on the subject consists in formulating optimisation model,
which reflects the design problem.
Two issues are crucial when formulating the problem mathematically:
• The formulation should be accurate, and take into account the criteria involved in the
design of WLANs, as presented in Subsection 1.3.1.
• The mathematical problem involved should be solvable.
In this section we present some approaches pursued in the literature regarding these two
issues.
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Multicriteria Modelling
There are several approaches in designing optimisation models based on various criteria:
Considering Them Separately. None of the models in the literature consider all the cri-
teria together. Indeed, there are several objectives in the design: the number, placement,
cost, capacity, and physical security of APs, and the assignment of channels to the APs.
Generally, several problems are formulated and solved, one after another.
Multi-objective Optimisation. When several criteria are considered simultaneously, a
popular approach to use is to formulate the problem as a multi-objective optimisation prob-
lem. There are several ways of dealing with such problems:
• Convex combination of objective functions. In many models ( [2,41,42,65,75,79,90]),
when dealing with two objective functions F1 and F2, their convex combination is
minimised:
Minimise F = ψF1 + (1− ψ)F2
where ψ ∈ [0, 1] is a balancing parameter.
For instance, in [2, 41, 42, 75, 90], F1 and F2 can represent the average sum of path
losses, and the high path losses (path loss of users who are far away from an AP).
The authors argue that by choosing a good value for ψ, it is possible to improve the
average signal quality in the area and minimising areas with poor signal quality.
In [65], the authors are maximising the coverage area and the economy efficiency,
while in [79], the aim is to minimise the interference and the uncovered areas.
Tang et al. [81, 82] have argued that it is difficult to choose a suitable value for the
balancing parameter.
• Pareto optimal solutions. Tang et al. [81, 82] have used a Pareto ranking scheme.
They define four objectives. Besides the average and maximal path loss, they also
consider that the path loss at a terminal should not exceed a given threshold, and that
the number of APs should not exceed a given number.
These methods provide a set of Pareto optimal solutions, and require the selection of
one of these solutions. This selection may not be very intuitive. Furthermore, finding
the Pareto optimal solutions is computationally expensive [73].
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• Prioritising the objectives. Several researchers [1, 6] ranked the objectives and min-
imised them one after another by order of priority. Note that this provides a Pareto
optimal solution.
Adicks et al. [1] consider three objectives: the portion of the area covered by a par-
ticular transceiver, the average capacity per AP, and maximising the average signal
strength across all points that require coverage. The authors also give a priority rank-
ing, privileging coverage, over capacity, over average signal strength.
In [6] five objectives are defined: each test point is to receive at least one signal above
the desired threshold, the cost is to be minimised, the capacity is to be maximised,
interference is to be reduced by minimising the signal strength received from the
other APs other than the one that serves the user at a particular point, and in each
cell, one service test point should provide handover.
Modelling Criteria as Constraints. In many cases it is preferable to model a criterion
as a constraint rather than as an objective function. Then, either an objective function is
given to obtain a constrained optimisation problem [28, 53, 71], or the problem becomes a
constraint satisfaction problem [10, 30, 67].
The most common constraint is that of coverage: for a given user, either the signal is
strong enough, or it is not. Hence, a hard constraint is added to the model that requires the
signal strength to be above the given threshold for all users [2,6,10,28,41,42,53,67,75,81,
82, 90].
Additionally, other constraints can be considered:
• The traffic should not exceed the capacity of an AP [53, 67].
• One terminal can only associate with one AP [67, 71].
• Each AP should be assigned a channel [71].
• The total number of APs should be below a given number [71, 81, 82].
• The interference should be below a threshold value [10, 30, 67].
• A minimum channel distance should exist between the non-overlapping channels
[53].
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• In [71], sets of mutually exclusive placements are defined, and only one placement
per such set should be selected.
Solution of the Optimisation Problem
Once the objectives and constraints have been defined, there exist several ways to solve the
optimisation problem.
Discretisation of the Area. Discretising the area is the technique of choice for many
design methods [1, 6, 10, 24, 25, 28, 42, 53, 67, 71, 79, 90].
The position of the APs is restricted to a finite set, preselected either manually or
through some algorithmic approach. Then, the problem is formulated as a linear binary
programming problem where each variable indicates the presence or absence of an AP at
the given position. Other variables can also be introduced to represent the channel alloca-
tion, or the user allocation.
The advantage of this approach is the wide availability of software to solve such prob-
lems. It also avoids the concern with “discontinuities” of the objective function and com-
plicated feasible sets. However, when the environment characteristics are complex, such as
buildings that include obstacles (walls, doors, windows), it is difficult to provide a suitable
discretisation. What is more, the complexity grows exponentially with the set of possible
positions.
Continuous Search. The inherent difficulties of discretising the area led several resear-
chers to consider global optimisation methods to solve the problem [23,41,65,75,79,81,82].
The problem can be formulated as follows:
minimise F (x)
subject to gi(x) ≤ 0 ∀i = 1, . . . , n1,
hj(x) = 0 ∀j = 1, . . . , n2,
x ∈ Rn,
(1.7)
where the function F represents the objective, and the functions gi, i = 1, . . . , n1, and
hj, j = 1, . . . , n2, represent the constraints.
In an environment with obstacles, the objective function is usually discontinuous [1,23–
25,30,42,65,68,72,75], and most optimisation algorithms cannot be applied to the problem
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(1.7). Even when there are no obstacles, the objective function is usually nonsmooth and
multiextremal [23, 42, 72, 75, 90].
The difficulty of the problem was ignored by some researchers and still smooth meth-
ods such as the conjugate gradient [75], the steepest descent [79], or quasi Newton [75]
algorithms were applied. However, the danger of such an approach was recognised by
some researchers, and instead applied heuristics method such as simulated annealing (SA)
[10, 42, 90] or genetic algorithms (GA) [1, 2, 41, 81, 82]. Most studies, however, state the
drawbacks of these algorithms: dependence on the choice of the initial state [42, 72], high
computational time [2], and the lack of a convergence proof [2, 42].
1.3.3 Testing
The models we have described in this section are all subject to approximation – either at
the time of the formulation of the problem (for discrete search approaches), or when the
problem is solved by heuristics (for continuous search approaches). Due to the diversity of
the models (several criteria), and the complexity of the propagation functions in an indoor
environment (see Subsection 1.1.2), there exists no universal benchmark for comparison.
Model validation is usually done through testing and the results are reproduced for the
judgement of experts.
In the literature, three different trends can be observed:
• The authors do not provide any indication of their tests [23, 24] or,
• The model is validated on hypothetical environments [10, 53, 65] or,
• The model is tested on real buildings.
Most authors [1,2,25,28,30,42,67,71,75,79,81,82,90] choose to use real situations to
carry out their tests. The reason for this preference is that it is hard to create hypothetical
environments that reproduce the difficulties of WLAN planning.
Unfortunately only a few authors provide sufficient information such as building struc-
ture and the parameters of WLANs to reproduce their experiments. Some authors omit
the building structure [2, 30, 67, 75, 79], while others didn’t specify the parameters of the
WALNs [25, 30, 75]. In [42, 90] ray-tracing was used to obtain the propagation data. Re-
producible experiments can be found in [81,82] where the authors tested their model on an
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IC factory and an office building for two different path loss thresholds. The office building
environment was also used in [1].
1.4 Aims and Methodology
1.4.1 Aims
Coverage in any design area depends on the number of APs and their distribution in the
design area. Optimal number and placement saves the cost deployment, decreases interfer-
ence and number of handoffs, maximises the physical security, and prevents coverage hole.
Finding these two parameters in a wireless LAN is referred to as network planning [89].
The parameters of WLANs (transmit power, receive threshold, frequency) affect the num-
ber of APs and their distribution [21, 63, 67].
Mobility of the users in the area is facilitated when the coverage of neighbouring APs
overlap [13, 18, 31, 32, 68, 92].
WLANs are not always secure. Since the radio waves are travelling in all directions,
anyone within range of the wireless network can access the system. The first step toward
security is to move the APs away from unsafe areas. A solution to this important issue
should be automatic and not manual, as a manual solution is time consuming and is not
accurate.
Thus, the aim of this thesis is to use continuous optimisation techniques to provide
solution for the coverage and physical security issue in wireless LAN with minimum cost.
Mobility of the users is to be ensured. In Subsection 1.4.3, we describe the novel approach
that we have used to achieve our goals.
1.4.2 Scope
The model we would like to introduce should accurately represent the real criteria during
the design of a WLAN. As was explained in Subsection 1.3.1, there are five main crite-
ria: coverage, cost, mobility, capacity, interference, and physical security. Among these,
for a wireless network where users are mobile, capacity is a separate issue which should
be handled dynamically by the network by allocating a certain number of users to each
AP. Interferences should be tackled through the channel allocation, which can be solved
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separately.
1.4.3 Methodology
In this subsection we underline the approach that will be followed throughout the study to
achieve our goals.
Propagation Models
In this thesis we will be using the empirical path loss model described in Section (1.1)
for predicting coverage during the optimisation procedure because of its computational
efficiency and its ease of use [29, 63, 68, 79]. For an obstacle free environment, we will
use the path loss model (1.4). For indoor buildings including obstacles, the path loss model
(1.6) will be used.
Problem Formulation
In this research, we will be using two approaches in formulating the problem. In the first ap-
proach a multi-objective functions model based on path losses and power will be developed
to find the number of APs and their distribution in obstacle free areas. The two functions
in the model are combined using a balancing parameter. The advantages and drawbacks of
these models will be evaluated.
In the second approach, a step-by-step method is followed. We will start by developing a
new model to find the minimum number of APs and their distribution in the area in order to
save the cost of deployment. The function uses the path loss model (1.6), which calculates
the loss of signal. Seamless coverage is obtained by considering all parts of the design
space as demand area.
Next, another objective function will be included in the model for enhancing the phys-
ical security of the network. The aim is to place the APs far from exterior walls and unau-
thorised areas in order to decrease the chance of intruders accessing the network.
Solution Procedure. As presented in Subsection 1.3.2, the solution of the mathematical
problem raises several issues.
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Discrete vs Continuous. The problem at hand is a continuous optimisation problem
in nature because the APs can be placed anywhere in the design space in order to provide
maximum coverage. In addition, a discrete solution involves preselecting a set of potential
locations for the APs. The identification of this set is a complicated problem in itself,
particularly for an indoor environment.
We will consider two types of environments. In the outdoor, obstacle-free environment,
the objective function is continuous, but nonsmooth and multiextremal. We will use a non-
smooth algorithm called Discrete Gradient (DG). In the indoor environment, the objective
functions are discontinuous due to the presence of obstacles. Therefore, most of existing
algorithms can not be applied to solve the problem. We use the new Global Optimisation
Algorithm (AGOP) based on a dynamical systems approach. Both these methods are de-
veloped at the University of Ballarat and have not been used by other researchers to solve
similar problem.
The AGOP is also used for solving other problems in telecommunications networks.
The authors in [94] describe how they use this algorithm to solve their optimisation prob-
lem related to sharing a single link to efficiency fairness issues associated with serving
customers in remote communities.
Operation of DG. The description of this method can be found in [11, 12]. This is
a derivative-free method. The DG method consists of two main steps: the computation of
a descent direction, which is reduced to a certain quadratic programming problem and the
line search. The so-called Armijo-type line search is used in this method. As shown in [11],
computation of the descent direction is a terminating process: after a finite number of steps
the algorithm either computes the descent direction or finds out that the current iteration is
a stationary point.
The DG method is efficient for solving large scale nonsmooth optimisation problems. It
allows a continuous search to find the optimal placement of the APs, meaning no restriction
is placed on their positions.
Operation of AGOP. Consider the problem:
minimise f(x)
subject to x ∈ B,
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where B ⊂ Rn represents given box constraints.
The AGOP must first be given an initial set of points, say Ω = {x1, . . . , xq} ⊂ Rn.
Generally, a suitable choice for the initial set is generated from the vertices of the boxB. We
suppose that x? ∈ Ω has the smallest value of the objective function, that is, f(x?) ≤ f(x)
for all x ∈ Ω.
A possible descent direction v at the point x? is determined (see [56] for details). An
inexact line search along this direction provides a new point xˆq+1. A local search about
xˆq+1 is then carried out. This is done using the local variation method. This is an efficient
local optimisation technique that does not explicitly use derivatives and can be applied to
nonsmooth functions. A good survey of direct search methods can be found in [46]. Letting
xq+1 denote the optimal solution of this local search, the set Ω is augmented to include xq+1.
Starting with this updated Ω, the whole process can be repeated. The process is ter-
minated when v is approximately 0 or the prescribed bound on the number of iterations is
reached. The solution returned is the current x?, that is, the point in Ω with the smallest
cost.
The main part of the algorithm is to determine a possible descent direction v at each
iteration. The method, used by the AGOP for this aim, is based on dynamical systems de-
scribed by non-functional relationships between two scalar variables (see [58] for details).
These relationships are defined in terms of influences of the change (increase or decrease) of
one variable on the change of the other. The forces acting from one variable on the change
of the other variable are defined by the means of influences. This allows us to define a (non-
standard) dynamical system, which provides the direction of change of each variable at any
given point. The algorithm uses this idea to determine a descent direction v. First, given a
set Ω, we define a dynamical system that describes the relationships between the objective
function and a particular variable xi, i = 1, . . . , n. This provides a vector v¯ = (v¯1, . . . , v¯n),
calculated at the point x∗, where the coordinate v¯i is the force acting from xi on the increase
of f . Then, the vector v = −v¯ is taken as a possible descent direction at the point x∗.
Testing
Building Specifications. In this thesis we will consider two types of environments: out-
door and indoor.
To test the model that is based on path losses and power for free space areas, only
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the parameters of WLANs (transmit power, receive threshold, and carrier frequency) are
required. This model will be tested extensively based on environments similar to the one
shown in Figure 1.1.
Figure 1.1: Free space (no obstacles) environment with distribution of 75 potential
users/test points
In order to test the model that is based on path losses for indoor buildings including
obstacles, real buildings will be used. As explained in Subsection 1.3.3, this is the prefer-
able method for model validation, as it is the closest to real-life experimentation. For this
case, the building layout, and information about the structure of the building as well as the
parameters of WLAN are required.
Four different buildings will be used. Two of them are extracted from [1,81,82], and are
shown in Figures 1.2 and 1.3. They will be used for comparison purposes. The other two
buildings are within the Mount Helen campus of the University of Ballarat, Victoria, Aus-
tralia. They are shown in Figures 1.4 and 1.5. In these buildings, different types of walls,
doors, and windows (shown with lines of different thickness) cause the sudden change in
the strength of the received signal.
Figure 1.2: An office building used for testing in [1, 81]
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Figure 1.3: An IC factory building used for testing in [82]
Figure 1.4: T-building, Mount Helen campus, University of Ballarat, Australia
Figure 1.5: F-building, Mount Helen campus, University of Ballarat, Australia
Parameters of WLAN
In order to conduct the tests, we require the parameters of WLAN (transmit power, receive
threshold/sensitivity, carrier frequency). We will be using the IEEE 802.11b/a/g standards
[36–38] and the data sheet of a few types of APs developed by industry such as Cisco
[15, 16]. This will make it possible to examine the model with a wide range of values of
parameters to ensure the validity of the model and algorithm.
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Assumption
It is assumed that the antenna at the transmitter and the receiver are omnidirectional and
that there is no loss associated with the cables.
1.5 Conclusion
In the first part of this chapter, we presented several techniques exist for network planning in
wireless LAN. In this part also an overview of the modeling and techniques in optimisation
used by other researchers to design WLAN was given.
In the second part, we presented the aims of this thesis and the methodology we have
adopted to solve the problem at hand.
The conclusion at the end of this thesis will provide answers to the following questions:
• How can we solve the network planning and physical security issue in WLAN through
optimisation?
– How do we minimise the cost of deployment?
– How do we obtain quality of coverage for mobile users?
– How can we maximise the physical security of the network?
– How seamless coverage for mobile users can be provided?
– How should we solve the optimisation problem effectively?
– What are the effect of parameters of WLAN, building materials, and size of area
on the coverage, deployment cost, and processing time?
– Can we develop an automated tool for designing WLANs using optimisation?
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Evaluation of a Multi-objective
Functions Model
As presented in the previous chapter, a number of optimisation approaches to WLAN de-
signs have been suggested in the past. The construction of a multi-objective functions model
based on path losses or power is particularly popular. A balancing parameter is introduced
to combine the two functions.
The popularity of this type of modeling [2, 41, 42, 65, 75, 79, 90] gave us motivation to
develop and analyse this model.
Hence, in this chapter (see also [47,49]), by conducting extensive experiments we study
how effective this technique is as a basis for developing our models in the following chap-
ters. The model we introduce in this chapter is based on the following aims:
• Minimising the number of APs.
• Improving the average signal quality in the entire design area.
• Finding the impact of the balancing parameter on the placement of the APs.
To solve the problem, we use a continuous optimisation algorithm developed at the
University of Ballarat.
2.1 The Optimisation Model
This model was described briefly in Subsection 1.3.2, and in this section we will present it
in more detail.
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In this section we will consider the problem of finding the placements {a1, · · · , aN}
of N APs to cover M potential receivers/test points located at {r1, · · · , rM}. It should be
noted that since users are, by definition mobile in a wireless network, the potential receivers
do not represent real users, but rather a placement where a user could be. They also provide
a means for calculating loss or strength of signal.
2.1.1 Path Loss Model
In an obstacle-free environment, the path loss is the loss of signal strength due to the dis-
tance between the access point aj and the receiver ri and is measured in dB. As discussed
in Subsection 1.1.1, it can be calculated by using the following formula [60, 63, 64]:
pl(aj, ri)[dB] = pl(d0)[dB] + 20 log
(
d(aj, ri)
d0
)
d0 < d (2.1)
where pl(aj, ri) represents the path loss, d(aj, ri) the distance between the AP aj and the
receiver ri, and d0 is the reference distance, where its value is considered to be 1 metre (m)
in small environment. The path loss at the reference distance is pl(d0), and its value can be
calculated from [60, 63, 64]:
pl(d0)[dB] = 10 log
(
4pi
λ
)2
· (2.2)
In this chapter, we will use the above formula (2.1) in developing the optimisation
model.
2.1.2 Path Loss-based Model
Objective Functions
In the path loss-based model, we consider two objective functions. These functions corre-
spond to two practical goals.
In order to provide a good signal for most users, the average path loss is considered for
minimisation. Thus, the first objective function is:
F1(a1, · · · , aN) = 1
M
M∑
i=1
min
j=1,··· ,N
pl(aj, ri) · (2.3)
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It is also necessary to consider in providing an acceptable signal quality for those users
who are far away from an AP. To achieve this goal, the highest path loss is minimised. Thus,
the second objective function is:
F2(a1, · · · , aN) = max
i=1,··· ,M
min
j=1,··· ,N
pl(aj, ri) · (2.4)
Constraint
The deployment of the network also imposes a hard constraint: all the users should be able
to access the network. This can be achieved by ensuring that each user is within the reach
of at least one AP.
To formulate this constraint, we introduce a maximum threshold path loss (plmax) above
which the signal cannot be received by the user. In other words, each receiver is assigned
to an AP from which it measures the minimum path loss. Therefore, the constraint can be
written as:
∀i = 1, · · · ,M, ∃j = 1, · · · , N : pl(aj, ri) ≤ plmax ·
The value of plmax depends on two network parameters: the strength of the signal trans-
mitted by the AP (Pt), and the receiver threshold (Rth), which represents the minimum
signal strength necessary for the receiver to have in order to be able to achieve a certain
data rate. The maximum threshold path loss is calculated from [60]:
plmax = Pt −Rth − other losses ·
The coverage/range of an AP is the maximal distance at which a receiver can be from
an AP and still receive a signal. It can be calculated from the following formula:
dmax = d0 · 10
plmax−pl(d0)
20 ·
These constraints can be combined into one using the following function:
g(a1, · · · , aN) =
M∑
i=1
max
(
0, min
j=1,··· ,N
(pl(aj, ri)− plmax)
)
·
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Optimisation Model
To combine the two objective functions we use a balancing parameter ψ ∈ [0, 1]. Thus, the
optimisation model is:
minimise ψF1(a1, · · · , aN) + (1− ψ)F2(a1, · · · , aN)
subject to g(a1, · · · , aN) ≤ 0 ·
(2.5)
This model depends on the parameter ψ. Unfortunately the authors of [2, 41, 65, 79] do
not provide any hint on how to choose this parameter nor indicate which value they used.
The authors in [42, 90] chose the value of ψ to be 0.6 based on a suggestion given by the
authors in [75], and a value between 0.5 and 1 inclusive is suggested in [75].
In this chapter we will study this model from two aspects:
• Do the objective functions provide an adequate model?
• How do we select the balancing parameter ψ?
2.1.3 Power-based Model
Although not as widely used, models based on power are an alternative to path loss ones.
We will introduce a power-based approach [48] here similar to the one presented in the
previous subsection.
Received Signal Strength
The power, Pr(aj, ri) received by receiver at a distance greater than the reference distance
in a free space environment is given by [69]:
Pr(aj, ri) = Pr(do)
(
d0
d(aj, ri)
)2
where Pr(d0) =
(
PtGtGrλ
2
(4pi)2
)
is the received power at the first metre in a small environ-
ment, and d(aj, ri) is the Euclidean distance between transmitter and receiver. We assume
that the antenna gain at both sides is 1.
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Objective Functions
As before, we introduce two objective functions. However, this time the power received by
receiver is to be maximised.
F1(a1, · · · , aN) = 1
M
M∑
i=1
max
j=1,··· ,N
Pr(aj, ri) · (2.6)
F2(a1, · · · , aN) = min
i=1,··· ,M
max
j=1,··· ,N
Pr(aj, ri) · (2.7)
While the first objective function (2.6) aims at improving the average signal quality
possible for all the users, the second one (2.7) aims at maximising the areas with poor
signal quality.
Constraint
The constraint of the problem is that all users should receive a signal which is higher than
the specified minimum value Prmin .
∀i = 1, · · · ,M, ∃j = 1, · · · , N : Pr(aj, ri) ≥ Prmin ·
These constraints can be combined into one using the following function:
g(a1, · · · , aN) =
M∑
i=1
min
(
0, max
j=1,··· ,N
(Pr(aj, ri)− Prmin)
)
·
It should be noted that each of the constraints in the power-based model is equivalent to
its path-loss counterpart. They can be derived from each other as follows:
Pr(aj, ri) ≥ Prmin
Pt
Pr(aj, ri)
≤ PtPrmin
log(Pt)− log(Pr(aj, ri)) ≤ log(Pt)− log(Prmin)
pl(aj, ri) ≤ plmax ·
Optimisation Model
To combine the two objective functions we use a balancing parameter ψ ∈ [0, 1]. Thus, the
optimisation model is:
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maximise ψF1(a1, · · · , aN) + (1− ψ)F2(a1, · · · , aN)
subject to g(a1, · · · , aN) ≥ 0 ·
(2.8)
2.1.4 Solving the Optimisation Problems
Here, we explain the two-stage procedure we use to solve the problem, based on the path
loss model. The approach to the power-based model is similar.
Firstly, we determine the minimum number of APs necessary to cover the whole area.
This can be viewed as a constraint satisfaction problem, which in its turn can be reformu-
lated as a minimisation problem. After the number of APs has been found, the location
problem is solved using a penalty function approach.
Finding the Number of APs
The existence of a feasible solution to problem (2.5), that is, a collection of a1, · · · , aN such
that
g(a1, · · · , aN) ≤ 0
is subject to the numberN of APs. For a fixedN , one can consider an auxiliary optimisation
problem
minimise g(a1, · · · , aN) (2.9)
with optimal value 0, if and only if a feasible solution to problem (2.5) exists.
In order to find the minimal number of APs necessary to cover the area we use the
following scheme, starting with N = 1.
1. Solve problem (2.9).
2. If the optimal value is nonzero, set N = N + 1 and go to step 1.
Solving the Location Problem
Once the minimal number N of APs has been found, the next step is to determine their
optimal location. To do this, one needs to solve the constrained problem (2.5) (or (2.8) in
the case of the power-based model).
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This problem can been converted into an unconstrained one using a penalty function
approach:
minimise ψF1(a1, · · · , aN) + (1− ψ)F2(a1, · · · , aN) +Rpg(a1, · · · , aN) · (2.10)
Since the functions involved are Lipschitz continuous, if the penalty parameter Rp is
large enough, problems (2.5) and (2.10) are equivalent.
To solve problems (2.9) and (2.10) we use the Discrete Gradient (DG) algorithm (see
Subsection 1.4.3). This is an efficient solver for unconstrained optimisation not requiring
the computation of (sub)gradients of the functions involved, which could be computation-
ally very expensive as in the case of problem (2.10) or (2.5) when the numbers of APs and
receivers are large.
Although DG has been shown to work quite well in practice, it is not guaranteed to con-
verge to the global minimum. Careful testing, and analysis of the results of the numerical
experiments are necessary. This is described in the following section.
2.2 Testing
It is traditional in numerical optimisation to carry out numerical experiments to show how
effective an algorithm is. Generally the solutions of the numerical experiments are validated
either by comparison with “best known values” of the test problems at hand, or, sometimes,
using some optimality conditions. Unfortunately none of these methods can be used in this
research: no benchmark result exists in the literature for comparison, and the problem of
verifying the minimality of the number of APs is not tractable. The analysis of the results
of the numerical experiments must be done based on other criteria. This will be explained
in the results section.
In this section we test the model on an obstacle-free environment. The area measures
1000 m × 1500 m, over which 75 potential users or test points are distributed, as shown
in Figure 2.1. The distribution of potential users provides a means for calculating path loss
or signal strength at these points. The demand area is defined as an area where coverage is
necessary. The problem (2.5) is solved for several values of ψ.
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Figure 2.1: Distribution of 75 users in a free space (no obstacles) environment. Areas with
no users/test points are not demand areas
2.2.1 Parameters Used for Testing
Parameters of WLAN
In our testing, we use the real world device and the IEEE standards [36] to extract the
parameters of WLAN (Pt, Rth, and f ). The selected AP is developed by Cisco (Aironet
1200 series access point) [14]. The purpose is to find the effect of the parameters on the
number of APs.
Value of the Path Loss at a Reference Distance
The value of the reference distance d0 in indoor environment is chosen to be 1 m [9, 26,
63, 69, 74]. We assume that the antenna is a unity gain antenna (omnidirectional) and that
there is no loss in the cable. According to the 802.11b standard (a standard written by the
IEEE for WLANs) [36], the carrier frequency is f = 2.4 × 109 Hz. The speed of light
is c = 3 × 108 m/s. Based on these values, and using equation (2.2), the path loss at the
reference distance pl(d0) [dB] is 40.04 dB (decibels).
2.3 Numerical Experiments
We run three experiments in order to test this model.
In the first experiment, we test the scheme developed to find the minimal number of
APs necessary to cover the design area. To do so, the power of AP, and receiver threshold
are varied and their impact on the number of APs is recorded. This experiment is important
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to show the effectiveness of the scheme to find the minimal number of access points.
In the second experiment, problems (2.10) and (2.5) are solved for ψ = 0 and ψ = 1,
when one AP is sufficient to cover the area. This allows us to test each objective function
separately.
In the third experiment, the value of parameter ψ is varied, in order to show how this
value affects the overall behaviour of the model.
2.3.1 Results – Path Loss-based Model
First Experiment: Effect of AP Parameters on Their Number
The experiments we carry out here aim to check the coherence of the scheme we developed
to find the minimal number of APs. We run the scheme for various values of the parameters
of the APs and observe the effect on their numbers. The results of our experiments are
shown in Table 2.1. Results are reported in more detail in Appendix B. In this table, dmax
represents the coverage distance, while t1 is the processing time for the scheme to complete.
Table 2.1: Path loss-based model – effect of AP parameters on
their number
Pt[dBm] Rth[dBm] dmax[m] No. of APs t1[h]
20 -85 1770 1 AP 0:0:0.6
20 -76 628 2 APs 0:0:0.8
20 -73 444.6 3 APs 0:0:1.8
20 -70 314.7 6 APs 0:0:6.5
20 -55 55.97 50 APs 1:18:53.
15 -76 353.18 4 APs 0:0:3.3
15 -73 250 6 APs 0:0:11.1
15 -70 177 13 APs 0:0:42.0
15 -55 31.477 72 APs 4:43:3.39
As shown in Table 2.1, the AP parameters (Pt and Rth) affect the number of APs, as
expected. For large coverage distances (large values of Pt (20 dBm) and low values of Rth
(-85 dBm)), one AP can cover all the users, as shown in Figure 2.2.
As the coverage area shrinks, the number of APs increases. By increasing the value of
Rth to -73 dBm and keeping Pt at 20 dBm, the required number of APs is increased, as
expected. Figure 2.3 shows the number, and positions of the APs.
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Figure 2.2: Path loss-based model – number and placement of AP when Pt = 20 dBm,
Rth = -85 dBm, and ψ = 0
Figure 2.3: Path loss-based model – number and placement of APs when Pt = 20 dBm and
Rth = -73 dBm
Table 2.1 shows that six APs are required to cover the users when Pt decreases to
15 dBm while Rth remains at -73 dBm. This is due to the coverage distance decreasing
from 444.6 m to 250 m. The position of APs is shown in Figure 2.4. As shown in this
figure, the size of each demand area is larger than the coverage distance of the AP. There-
fore, one AP is not sufficient to cover one demand area. As the coverage distance decreases
further to 31.47 m, seventy two APs are required to cover the area. The reason for so many
APs is that most of the users are 100 m away from their closest neighbour, and only a few
APs can cover more than one user.
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Figure 2.4: Path loss-based model – number and placement of APs when Pt = 15 dBm and
Rth = -73 dBm
We observed that when the coverage distance halves, the design area requires more than
twice the number of APs. For example, in the case where the coverage distance changes
from 628 m to 314.77 m, the number of APs increases from two to six, and when it changes
from 353 m to 177 m, the number of APs increases from four to thirteen. This is due to the
position of potential users in each demand area. Some of them are further away from the
others at the centre of the area, as shown in Figure 2.1.
In general our numerical experiments show satisfactory results.
Second Experiment: Evaluation of Each Objective Function
Figure 2.2 shown in the first part of the experiment, is for the case when ψ = 0. In this case,
the first objective function in problem (2.10) is ignored and only the objective function (2.4)
is effective. The aim of this function is to ensure that the users that are far away from an
AP enjoy an acceptable level of signal quality. Figure 2.2 clearly shows that this goal is
obtained.
When ψ = 1, the second objective function in problem (2.10) is ignored and only
the objective function (2.3) becomes effective. The aim of this function is to improve the
average signal quality in the entire area. An example of this case is shown in Figure 2.5. As
can be seen from this figure, the AP is placed roughly at the centre of the design area close
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Figure 2.5: Path loss-based model – optimal number and placement of AP when
Pt = 20 dBm, Rth = -85 dBm, and ψ = 1
to the densely populated potential users. Users on the top that are far away from the AP can
be disconnected, as they are close to the border of AP’s coverage. Therefore, the objective
is not achieved.
Third experiment: Effect of ψ Parameter on the Position of the AP
The balancing parameter ψ has an important role in the model. The aim of this experiment
is to evaluate how this parameter should be selected. We run the experiment for a simple
case where only one access point is required (Pt = 20 dBm and Rth = -85 dBm) to cover the
potential users. The parameter ψ is varied between 0 and 1 and its effect on the placement
of the AP, as well as the processing time tt is recorded. The results are reported in Table
2.2.
Table 2.2: Path loss-based model – effect of ψ parameter on the
position of the AP
ψ Position of APs tt[h]
0 [600.002,749.999] 0:0:0.616
0.03 [593.628,753.398] 0:0:0.632
0.05 [589.279,755.718] 0:0:0.628
0.07 [584.853,758.079] 0:0:0.752
0.075 [587.763,756.527] 0:0:0.380
0.0756 [584.633,758.196] 0:0:0.430
0.0757 [584.326,758.36] 0:0:0.430
0.0758 [200.502,0.865142] 0:0:0.131
0.076 [200.501,0.865487] 0:0:0.117
0.1 [200.504,0.863914] 0:0:0.101
continued on next page
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Table 2.2 – continued from previous page
ψ Position of APs t1[h]
0.2 [200.548,0.836348] 0:0:0.110
0.3 [200.556,0.831281] 0:0:0.139
0.4 [200.561,0.827888] 0:0:0.112
0.5 [200.573,0.819882] 0:0:0.123
0.6 [200.582,0.813493] 0:0:0.102
0.7 [200.59,0.80709] 0:0:0.100
0.8 [200.597,0.802179] 0:0:0.102
0.9 [200.603,0.798081] 0:0:0.104
1 [200.608,0.794256] 0:0:0.102
The results show clearly two trends: when ψ is small enough (here, ψ ≤ 0.0757), the
solution is closer to the minimiser of the second objective function (2.4). In the interval
ψ ∈ [0.0757, 0.0758] one can observe a sudden change. For ψ ≥ 0.0758, the solution is
close to the minimiser of the second objective function (2.3).
As can been from the results, the choice of the best possible value of the parameter ψ
can be quite difficult. Another approach is described in Chapters 3 and 4.
2.3.2 Results – Power-based Model
First Experiment: Effect of AP Parameters on Their Number
A summary of the results of the experiments is given in Table 2.3. A more detailed report
is given in Appendix B.
Generally, when the transmit power and receive threshold values are the same, the
results of the scheme are the same for both models. However, in some cases, the path-
loss based model gave better results than the power-based model. For example, when
Pt = 15 dBm and Rth = -76 dBm, five APs were needed to cover users for the power-based
model instead of four (see Figures 2.6 and 2.7).
Table 2.3: Power-based model – effect of AP parameters on their
number
Pt[dBm] Rth[dBm] dmax[m] No. of APs t1[h]
20 -76 628 2APs 0:0:0.172
20 -73 444.63 3APs 0:0:0.390
20 -70 314.77 6APs 0:0:3.320
continued on next page
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Table 2.3 – continued from previous page
Pt[dBm] Rth[dBm] dmax[m] No. of APs t1[h]
15 -76 353.18 5APs 0:0:1.887
15 -73 250 6APs 0:0:4.986
15 -70 177 13APs 0:0:27.2778
Figure 2.6: Path loss-based model – optimal number of APs when Pt = 15 dBm and
Rth = -76 dBm
Figure 2.7: Power-based model – optimal placement of APs when Pt = 15 dBm and
Rth = -76 dBm
These results show that the path loss-based model seems to get more accurate results
when associated with the discrete gradient method than with the power-based model. The
DG is well-known for escaping shallow local minima. A possible reason for this result is
the fact that the objective function in the power-based model is steeper than in the path
loss-based model, hence the DG may get trapped more easily in local minima.
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Second Experiment: Evaluation of Each Objective Function
The results of the second set of experiments for the power-based model are very much the
same as for the path loss-based model (see Table 2.4).
Third Experiment: Effect of ψ Parameter on the Position of APs
The results of the experiments are given in Table 2.4. A more detailed report is given in
Appendix B.
Table 2.4: Power-based model – effect of ψ parameter on the po-
sition of the APs
ψ Position of APs tt[h]
0 [600.026,749.986] 0:0:0.235
0.00000003 [599.956,750.024] 0:0:0.273
0.00000004 [200.444,0.895765] 0:0:0.60
0.01 [200.478,0.878187] 0:0:0.66
0.1 [200.535,0.844636] 0:0:0.60
0.2 [200.596,0.802866] 0:0:0.60
0.3 [200.609,0.792878] 0:0:0.69
0.4 [200.619,0.785634] 0:0:0.69
0.5 [200.624,0.781188] 0:0:0.55
0.6 [200.625,0.780888] 0:0:0.47
0.7 [200.621,0.783476] 0:0:0.56
0.8 [200.62,0.784329] 0:0:0.64
0.9 [200.621,0.783415] 0:0:0.48
1 [200.621,0.783845] 0:0:0.58
These results show a similar behaviour to the path loss-based model: in the interval
ψ ∈ [3 ×10−8, 4 ×10−8], a sudden change occurs in the placement of the AP. The change
is from a solution for the second objective function to a solution for the first objective
function.
2.3.3 Processing Time
Condition of Experiments. Tests were conducted on a PC that is equipped with a Pentium
(R) processor, a CPU of 3 GHz, and 496 MB of RAM. Codes are written in C++.
The processing time is reported in Tables 2.1–2.4. They show that the solution to the
problems from the power-based model are found faster than those from the path loss-based
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one. This can be explained by the presence of a logarithm function in the path loss model,
which slows down calculations.
We can also observe that the processing time increases drastically with the number of
APs needed (see Figures 2.8 and 2.9 where processing time is measured for Pt = 20 dBm
and Rth ∈ [−85,−55]).
Figure 2.8: Path loss-based model – total processing time when Pt = 20 dBm and Rth is
changing form -85 to -55 dBm
Figure 2.9: Power-based model – total processing time when Pt = 20 dBm and Rth is
changing form -85 to -55 dBm
2.4 Conclusion
In this chapter, we developed two models for WLAN planning. One is based on path losses
while the other is based on power. For each of these models, two objective functions are
proposed in order to take into account the average and the worst signal quality. A balancing
parameter is used to combine these two functions. A constraint is also proposed to ensure
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that the acceptable signal quality can be received from everywhere in the design area. A
scheme to find the minimum number of APs satisfying the constraint is also developed.
Extensive experiments have been conducted in order to test these models. They aim at
evaluating the following aspects:
• Finding the minimum number of the APs
• The solutions of each objective function.
• The impact of the balancing parameter.
The scheme produces satisfactory results, as the number of APs in the design of WLAN
changes as expected when the coverage distance changes. This is observed for both models.
Although the path loss-based model computationally is more expensive than the power-
based one, it produces better solutions in finding the minimum number of APs. Hence, the
models designed subsequently will be based on path losses.
It appears that the use of balancing parameters is difficult, as both models showed an
abrupt change from one solution to another at a given value of ψ. Hence other strategies will
be suggested in the following chapters for planning WLANs when environment includes
obstacles. These strategies will be compared with other approaches found in the literature.
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Chapter 3
Network Planning – Proposed
Optimisation Model
In the last chapter, a multi-objective functions model based on path losses and power was
developed to find the number of APs and their distribution. The two functions in the model
were combined together by using a balancing parameter that can take any value between
0 and 1. The purpose of combining the two functions was to obtain good coverage for
all users. An iterative scheme was developed to find the minimum number of APs. A
nonsmooth continuous optimisation algorithm was used to solve the problem. Satisfactory
results were obtained in finding the number of APs. However, we found that choosing the
best possible value of the balancing parameter to satisfy the operation of both functions is
quite difficult.
The aim of this chapter is to introduce a simple yet effective optimisation model we
developed for minimising the number of APs in a WLAN system. The model does not
include a balancing parameter. Once the minimal number of APs is determined, it will
be possible to incorporate other objective functions into the model to achieve other goals.
This step-by-step approach allows us to reduce a complicated problem to a series of simpler
ones. We will also demonstrate the validity and advantages of this model.
We use the Global Optimisation Algorithm (AGOP) developed at the University of Bal-
larat for solving the optimisation problem. This algorithm, which is not used by previous
researchers, is suitable for discontinuous functions and large size problems.
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3.1 Path Loss Model
Path loss model is the core of signal coverage calculation in any environment [29,60,63,69].
It allows one to calculate the coverage distance of an AP, the distance between users and
APs, and the distance between two terminals. In addition, it is also possible to incorporate
the loss associated with obstacles into the model. Many researchers [1, 2, 6, 24, 28, 41, 42,
64, 65, 67, 75, 81, 82, 90] developed their optimisation models based on path losses.
The proposed optimisation model will be based on the path loss function that takes into
account loss in the free space areas, as well as loss associated with the building materials at
each point:
pl(aj, ri)[dB] = pl(d0)[dB] + 20 log
(
d(aj, ri)
d0
)
︸ ︷︷ ︸
1
+
T∑
t=1
ntlt,︸ ︷︷ ︸
2
(3.1)
where pl(aj, ri) [dB] represents the loss of signal from AP aj to user ri (measured in deci-
bels), pl(d0) is the loss of signal at the reference distance d0, d(aj, ri) is the distance from
AP aj to user ri, nt is the number of obstacles of type t (for example, walls, windows), and
lt represents the loss attributed to the type of an obstacle. There are T types of obstacles.
The right hand side of (3.1) contains two parts associated to two different types of
environments. Part one corresponds to environments where a line of sight exists between the
transmitter and the receiver (eg: hallways). Part two calculates the loss of signal in indoor
areas where obstacles (walls, doors, windows) are obstructing the line of sight between the
AP and the user. Due to the presence of obstacles, the radio signal drops abruptly. The
rate of loss depends on the structure of the obstacles. The sudden change in the received
signal causes the path loss model (3.1) and, consequently, the objective function in the
corresponding optimisation problem, to be discontinuous [1, 23–25, 30, 42, 65, 68, 72, 75].
It should be noted that this model can be used for carrier frequencies of 900 MHz,
2.4 GHz, and 5.x GHz bands because the attenuation factor related to different types of
partitions is more dependent upon construction materials than upon carrier frequencies [60].
3.2 Proposed Optimisation Model
The aim of our optimisation model described in this chapter is to reduce the cost of deploy-
ment in wireless LANs by minimising the required number of APs. The full coverage for
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the users and their mobility is ensured.
3.2.1 Model Description – Optimal Number
The goal is to determine the minimum number of APs required to provide full coverage for
all users. This can be written as follows:
minimise N (3.2)
subject to ∃ aj, j = 1, ..., N :
min
j=1,...,N
pl(aj, ri) ≤ plmax, ∀i = 1, ...,M. (3.3)
The constraints (3.3) state that the path loss for each user to an AP should be less than or
equal to the maximum tolerable path loss plmax. This ensures that the quality of coverage
at each receiver location is above the given threshold. The value of plmax can be calculated
by subtracting the receive threshold and any other losses from transmit power:
plmax = Pt −Rth − other losses · (3.4)
The solution to the main problems (3.2) and (3.3) can be found by solving a sequence of
allocation problems in accordance with the following simple enumeration scheme we have
developed [88]:
Main Scheme
Step 1: Set N = 1.
Step 2: Search for an aj satisfying (3.3).
Step 3: If the solution exists, then Stop. Otherwise, set N = N + 1 and go to Step 2.
The above three-step procedure is just an illustration. When a better lower estimate of
the number of APs is known (or can be easily determined) this number can be taken instead
of N = 1 on Step 1. Similarly, when a “good” upper estimate is known, a binary search
algorithm can be used. However, one should keep in mind that to do this, it is necessary to
have a really tight upper estimate. Otherwise, due to the computational complexity of the
problems which increases exponentially, the application of the binary search algorithm can
be more time consuming than the simple Main Scheme we just described.
The primary difficulty in the above Main Scheme is obviously in step 2. The inequalities
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(3.3) can be rewritten as:
M∑
i=1
(
min
j=1,...,N
pl(aj, ri)− plmax
)+
= 0 (3.5)
where (α)+ = max(α, 0). The allocation problem of finding the collection of aj , j = 1, ..., N ,
satisfying (3.5) can be approached by considering the optimisation problem
minimise
M∑
i=1
(
min
j=1,...,N
pl(aj, ri)− plmax
)+
. (3.6)
Equation (3.5) has a solution if and only if the optimal value of (3.6) equals zero.
3.2.2 Solution of the Problem
Overview of Possible Solvers
An optimisation algorithm in combination with propagation models, allows network plan-
ners to develop automatic planning strategies for wireless systems. The goal of an opti-
misation algorithm is to determine a solution that satisfies the coverage constraints and to
minimise the objective function. In Chapter 1, different types of techniques and algorithms
used for solving the problem at hand were discussed.
The problem at hand is a continuous optimisation problem in nature, because APs can
be placed anywhere in the area to obtain maximum coverage. Therefore, we are using a
continuous optimisation technique to solve the problem. For this reason, algorithms based
on a discrete search will not be discussed.
For solving a real world optimisation problem, the choice of the solver is crucial. The
following issues can be noticed when considering problems (3.2), (3.3), and (3.6) formu-
lated in Section 3.2.
Although the initial problems (3.2) and (3.3) is an integer programming problem, for
each N , to verify the feasibility it is necessary to solve a continuous optimisation problem
(3.6).
The objective function of (3.6) is discontinuous [1, 23–25, 30, 42, 65, 68, 72, 75] as it
is based on path loss function (3.1). As a result, it is not possible to apply any of the
classical methods based on the local properties of the functions and their derivatives (such
as Newton-based or bundle methods [45, 55]), nor even the methods based on Lipschitz
continuity (such as branch and bounds methods [27]).
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To confront the discontinuity of the functions met in the telecommunications network
design due to obstacles, a few authors [1, 2, 41, 65, 81, 82] have used genetic algorithms.
Due to their heuristic nature, it is quite easy to adapt these methods for solving the type
of problem under consideration. However, genetic algorithms are very dependant on the
initial population. The complex structure of the functions (these functions have a large
number of local minima) result in the necessity of having a large population size. Even
for a simple real world problem, the evaluation of the objective function is computationally
very demanding. Hence, it is very unpractical to use evolutionary algorithms for real world
applications.
Other heuristic approaches, such as simulated annealing [10, 28, 41, 42, 90] or neural
networks, present the same drawback: although these methods can be easily implemented,
they would perform poorly or be too slow for the problem at hand.
In contrast to the above mentioned approaches, the AGOP [56, 57] finds a good solu-
tion using a relatively small number of function evaluations. Its operation is explained in
Subsection 1.4.3. The algorithm is modified to make it particulary suitable for solving the
problem at hand.
Modification of the AGOP
The AGOP is a global solver, which can be run out of the box for finding the solution to
problem (3.6). However, since the evaluation of the objective function is very computa-
tionally intensive, it is necessary to modify the procedure of the AGOP in order to run the
program within a reasonable time [88].
The first modification to the algorithm makes use of the known lower bound of the
problem: the value of the function is nonnegative. What is more, the function is zero when
the solution is found. If there exists a coverage by the given number of APs, then in many
cases the set of optimisers is quite large. As a result, a function value of zero may be found
very early on by the algorithm. In such a case, it is not necessary to continue searching, and
the algorithm can be exited.
The second modification is based on the sequence of problems that are being solved
during the execution of the Main Scheme. It also takes into consideration the geographical
nature of the problem: a solution x is structured as a set of geographical points a¯ ∈ Rm.
The solution reached at iterationN−1 can be used at iterationN . The set Ω of initial points
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is constructed as follows: Ω = {x1, . . . , xq}, where xi = (x∗,n−10 , . . . , x∗,n−1q−m , y1, . . . , ym),
x∗,n−1 is the solution reached at iteration N − 1, and y ∈ Rm is an initial point constructed
from the boundaries of the geographical area.
This allows us to reduce the initial size of the set Ω, and therefore to accelerate the
execution of the AGOP. Furthermore, it also generates initial points that are potentially
closer to the set of optimisers, which is reached faster.
3.3 Testing
In order to provide a facility for determining the value of path loss at each point in the
design area, and to be able to compare this value with the maximum allowable path loss,
test points or potential users are distributed in the buildings. This distribution depends on
the given design specification, which could be the areas where the mobile users are expected
to congregate to perform their activities (lecture theatres, meeting rooms), or all parts of the
design area. To explain the concept of coverage issue better, we use the word user instead
of test points or potential users.
To show the validity and effectiveness of our model and algorithm, we examine two
buildings used by other researchers for testing. For easier references, we call these factory
and office buildings. Their specifications are described in the next subsection. Two build-
ings at the Mount Helen campus of the University of Ballarat are also used to check the
effect of WLAN parameters and size of the building on the number of APs. Our results are
described in Chapter 5.
3.3.1 Specifications of the Buildings
The IC Factory Building Tested in [82]
The area of this building measures 2380.84 m2. There are three different types of walls,
shown in Figure 3.1 by lines of different thickness. The loss associated with thin partition
walls, the cement walls, and thickened cement walls is 2 dB, 3.3 dB, and 6.5 dB respectively.
In every 1.5 m× 1.5 m section, a possible user (terminal) is located, as shown in Figure 3.1.
The dense distribution of users allows the full coverage for the entire area. The authors [82]
tested their model and algorithm against two path loss threshold values of 90 dB and 80 dB
for each of the users.
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Figure 3.1: Distribution of users in the IC factory building
The Office Building Tested in [1] and [81]
The area of this building is 75 m × 30 m. There are two types of walls with attenuation of
3 dB and 6 dB. This is shown in Figure 3.2 by lines of different thickness. The number
of users, and the method of their distribution in the area, are not identified in [1]. In [81],
200 test points were distributed regularly. The authors tested their model and algorithm
against path loss threshold values of 100 dB and 80 dB. We conducted tests on this building
with 223 users distributed randomly to reflect the real situation and also with 200 users
distributed regularly.
Figure 3.2: Distribution of 223 users in the office building in random format
3.3.2 Parameters of the WLAN
To test our model, we need the parameters of the WLAN. Specifications for two models of
APs developed by Cisco (Cisco Aironet 1200 and Cisco Aironet 1100 series) [15, 16] and
the IEEE 802.11a/b/g standard [36–38] are used to obtain these parameters. This makes
it possible to examine the model, not only for the two threshold values specified by the
previous authors, but also with a wide range of values of Pt and Rth.
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3.3.3 Value of Path Loss at Reference Distance
We choose the value of the reference distance d0 in an indoor environment to be 1 m [9,26,
63, 69, 74] and we assume that the antenna at both sides (the transmitter and the receiver)
is a unity gain antenna (omnidirectional). According to the IEEE 802.11b/g, the carrier
frequency is f = 2.4 × 109 Hz. The speed of light is c = 3 × 108 m/s. Based on these
values and using equation (1.3), one can compute the path loss at the reference distance
pl(d0) = 40.04 dB.
3.4 Results
Our results, related to the two buildings described in Subsection 3.3.1, are reported in
[50–52, 88]. All buildings are tested against a variety of parameters. The effect of these
parameters on the number of APs is described in Chapter 5. Tabulated results, in detail,
are provided in Appendix C. For convenience, tabulated results, in brief, are provided in
the next subsection. In all cases, in order to show the coordinates of the APs clearly in
produced figures, the potential users are removed after the number and the position of APs
are found.
3.4.1 Model Validation – Comparison of the Results
Table 3.1 shows the number of APs found by previous researches for two parameters of the
APs, for both the factory and the office buildings. In this table, we also show the number
of the APs and the coordinates of the APs found by our model and algorithm for the same
parameter values of APs. The value of plmax is calculated using the formula (3.4).
Table 3.1: Optimal number of APs for both the factory and office build-
ings
Building Pt[dBm] Rth[dBm] No. and placement of APs No. of APs tt[s]
our research previous authors
Factory 20 -70 2 3 245.562
[46.9642,33.3741]
[19.2135,12.0344]
Factory 20 -60 3 5 293.656
[28.3498,18.9395]
[7.73605,19.1467]
[47.5464,32.2663]
continued on next page
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Table 3.1 – continued from previous page
Building Pt[dBm] Rth[dBm] No. of APs No. of APs tt[s]
our research previous authors
Office 20 -80 2 2 12.75
[25.6198,12.8916]
[72.973,7.44765]
Office 20 -60 4 5 112.328
[19.2832,6.61855]
[54.8644,22.0353]
[70.4,9.425]
[20.001,24.1246]
As can be seen in Table 3.1, when plmax is 90 dB or 80 dB, our method finds that two or
three APs respectively are needed to cover the entire area of the factory building, compared
with three and five APs respectively, that were found in [82]. This remarkable result has
the effect of saving the cost of the deployment of WLAN. This cost saving effect is very
important and is even more noticeable when network planning is being conducted for larger
buildings where larger number of APs are required for coverage [89]. Figures 3.3 and 3.4
show the positions of APs in the factory building.
Figure 3.3: Optimal locations of APs in the factory building when plmax = 90 dB
For the office building, when Pt = 20 dBm and Rth = -80 dBm (plmax = 100 dB),
two APs can cover all parts of the building. This coincides with the result obtained in [1]
and [81]. Figure 3.5 shows the placement of these APs. We also see in Table 3.1 that
when plmax = 80 dB, a significant improvement is achieved: only four APs are required
to provide 100% coverage of the area in contrast to the five APs that were found by other
researchers [1,81]. Figure 3.6 shows the coordinates of the four APs found by our method.
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Figure 3.4: Optimal locations of APs in the factory building when plmax = 80 dB
In the following subsections, the proof of the accuracy of the proposed method is pro-
vided.
Figure 3.5: Optimal locations of APs in the office building when plmax = 100 dB
Figure 3.6: Optimal locations of APs in the office building when plmax = 80 dB
As discussed and can be seen in Figure 3.2, the distribution of users is random. As
in [81], we also distributed 200 users regularly, and the same number of APs, that is, two and
four were found to cover the area when plmax = 100 dB and 80 dB respectively. Figure 3.7
shows the positions of the APs for the latter case. As can be seen in this figure, the position
of APs is different in compare with Figure 3.6. The effect of the number of users and their
distribution, on the number of APs and the position of the APs, is presented in detail in
Chapter 5 and briefly discussed in Subsection 3.4.4.
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Figure 3.7: Optimal number and locations of APs in the office building when 200 users are
distributed regularly and plmax = 80 dB
3.4.2 Model Validation – User’s Coverage
To make sure that each user is covered by the nearest AP, we conducted numerous tests.
Here, we show examples for both buildings. The procedure adopted is as follows:
• Each user is connected to the nearest AP.
• The path loss function (3.1) is used to calculate the path loss from the user to the AP.
• The calculated path loss (pl[dB]) is compared with the maximum path losses plmax.
• If pl[dB] ≤ plmax, the user is covered by that particular AP.
Case One: the Office Building
To show the above process, we refer the reader to Figure 3.8, where plmax = 80 dB (Pt =
20 dBm and Rth = -60 dBm). The first user is denoted by user1. In this figure user1 is
connected to all APs. The calculated path loss for this user to AP2 is very high due to the 6
walls that are in the transmission path. The loss to AP3 and AP4 is 84.44 dB and 84.71 dB
respectively. We noticed that these losses are greater than 80 dB. Consequently, these APs
cannot cover user1. However, AP1 can cover this user, since the path loss at the receiver is
62.28 dB, which is lower than plmax. This is due to the short distance, and the line of sight
that exist between the transmitter and the receiver.
We used the same procedure for the other users (user2, user3, and user4) shown in the
Figure 3.8 to calculate the path loss for each to ensure that they are all covered.
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Figure 3.8: Coverage of users by their nearest AP in the office building
Case Two: the Factory Building
This case study is related to Figure 3.9 where three APs cover the factory building when
plmax = 80 dB. We calculated the path losses for a few users to ensure that each of them is
covered. Table 3.2 shows the calculated path loss from the user to the nearest AP.
Figure 3.9: Coverage of users by their nearest AP in the factory building
Table 3.2: Path loss values for selected users to the nearest AP
User to AP plmax[dB] Distance from user to AP Total obstacles loss pl[dB]
d[m] ntlt[dB]
User1 to AP1 80 22.25 9.8 76.7866 < 80
User1 to AP2 80 34.4333 22.8 93.5796
User1 to AP3 80 46.7716 6.5 79.9396 < 80
User2 to AP1 80 24.3882 13.1 80.8836
User2 to AP2 80 23.3112 13.1 80.4913
User2 to AP3 80 29.2257 3.5 72.6553 < 80
continued on next page
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Table 3.2 – continued from previous page
User to AP plmax[dB] Distance from user to AP Total obstacles loss pl[dB]
d[m] ntlt[dB]
User3 to AP3 80 11.4568 11.9 73.1213 < 80
User4 to AP2 80 21.2525 13.2 79.7882 < 80
User4 to AP1 80 37.2162 16.4 87.8546
User4 to AP3 80 31.5553 22.8 92.8215
It can be seen in Table 3.2 that user1, user2, user3, and user4 are all covered at least by
one AP. Indeed, user1 is covered by two APs (AP1 and AP3). We did not calculate the path
loss from user3 to AP1 and AP2, because this user is obstructed by 13 walls and 11 walls
respectively. As the number of walls increases, the value of path loss will increase.
From the above two examples, the discontinuity of the objective function due to obsta-
cles is clear. Referring to Table 3.2, we notice that losses associated with obstacles cause
the value of path loss to change dramatically, even if a user is separated from two APs by
the same distance.
3.4.3 Model Validation – Optimal Number
We developed two types of tests in order to confirm that the obtained solutions are optimal.
Examples of these tests are provided below.
Exhaustive Enumeration Test
In the tests of the first type, one of the features of the software that we have developed for
the design of the WLAN system is used. The operation of this software is explained in
Chapter 6. The procedure we adopted is as follows:
1. Remove one of the APs in order to determine the users who are covered by the re-
moved AP. Once the path loss for each user is calculated and compared with maxi-
mum threshold path loss, the uncovered users are marked with a different colour.
2. The positions of the remaining APs are changed to find out if they can cover all users.
3. Step 2 is repeated several times aiming to cover all users.
4. If all users cannot be covered by the remaining APs, this means that the number of
APs is not sufficient.
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The first example relates to the office building. We obtained a requirement of two
APs to cover the design area when Pt = 20 dBm and Rth = -94 dBm. This is shown in
Figure 3.10. We particularly chose this example because one of the APs is placed very
close to an external wall, therefore, only a small number of users are covered by this AP.
We estimate that by removing AP1, the area might be covered by AP2 only.
To proceed with this test, AP1 is removed and, as shown in Figure 3.11, we find users
who were covered by this AP.
Figure 3.10: Optimal number of APs in the office building when Pt = 20 dBm and
Rth = -94 dBm
Figure 3.11: Removed users on the left hand side were covered by AP1
AP2 is moved to many positions aiming to find the place where it might cover all the
design area. A few of the trials are shown in Figures 3.12, 3.13, and 3.14.
After many trials, we conclude that one AP is not sufficient because two users, as shown
in Figure 3.14, could not be covered. We note that if the loss associated with the wall shown
in Figure 3.13 is changed from 6 dB to 3 dB, then the entire design area can be covered by
just one AP. Figure 3.15 shows the position of the AP when the loss associated with the
wall is changed to 3 dB.
The second example relates to the factory building. We found that six APs can cover the
area when the path loss at the reference distance is 47 dB, Pt = 20 dBm, andRth = -60 dBm.
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Figure 3.12: Four users cannot be covered by AP2
Figure 3.13: Three users cannot be covered by AP2
Figure 3.14: Two users cannot be covered by AP2
Figure 3.15: Optimal number of APs in the office building when Pt = 20 dBm,
Rth = -94 dBm, and wall loss = 3 dB
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Figure 3.16 shows the positions of the APs. This particular example has been chosen be-
cause AP3, AP4, and AP5 in the figure are close to each other. Therefore, by removing one
of them and repositioning others, all users could supposedly be covered.
Figure 3.16: Optimal number of APs in the factory building when Pt = 20 dBm,
Rth = -60 dBm, and pl(d0) = 47 dB
By removing AP4, we find that 19 users on the right hand side are covered by this AP,
as shown in Figure 3.17. We moved AP3 and AP5 aiming to cover these 19 users. After
many trials, AP3 was able to cover only three of these 19 users. The uncovered users are
shown in Figure 3.18. Moving the other APs not only had no effect on the coverage of the
identified 19 users, but it was causing other users in other parts of the design area to lose
their coverage.
Comparison of the AP Coverage Distance and Subarea Size
The procedure we adopted in the tests of the second type is as follows:
1. Divide the given design area into subareas based on the location of the APs.
2. Calculate the areas occupied by a group of users in each of the subareas.
3. Calculate the coverage distance of the APs at each point from different users.
4. Compare the values obtained from step two and three.
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Figure 3.17: Nineteen users on the right side of the building were covered by AP4
Figure 3.18: Uncovered users
5. If the dimension of the area occupied by the users is greater than the coverage distance
of the AP, then the number of AP is not sufficient.
In the following example, the above procedure is applied to the results obtained for
the F-building at the Mount Helen campus of the University of Ballarat. Specifications of,
and results for, this building are described in the next chapter. In this example, the design
area can be covered by ten APs when Pt = 10 dBm, Rth = -55 dBm, and carrier frequency
f = 5.35 × 109 Hz, as shown in Figure 3.19. In this figure, room is denoted by R and open
space area by OS. The result shows that the AP1 is in R1, AP4 in R3, and AP5 in R5.
Knowing the exact position of the APs, helps us to calculate the coverage distance of any
AP to any user.
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We see in Figure 3.19 that one AP is provided for each room in the left hand side of
the F-building. These APs (AP1, AP8, AP9, and AP10) can cover the users in rooms (R1,
R7, R8, and R9). Coverage of OS1 is provided by AP1 and AP2. The reason for an AP in
each room is due to short coverage distance of the APs. When there is only one wall with
the attenuation of 6 dB between an AP and the users, the coverage distance of the AP is
3.98 m, and with no wall the coverage distance is 7.94 m. The space covered by users in
R1 is 6.6 m, which is less than the coverage distance of AP1 (7.94 m). Therefore, this AP
can cover this room. AP2 cannot cover the OS1, as its coverage distance (7.98 m × 2) is
less than the area of OS1 (20.2 m). To save the number of APs, our method is placed AP1
very close to the wall of R1 to be able to cover some of the users in OS1 as well. The width
of each of the room (R7, R8, and R9) is 7.4 m. An AP cannot cover two rooms, because
its coverage distance with one wall is 3.98 m. For example, AP9 cannot reach users in R9
who are further away from this AP. The AP3 can cover R2 because the width of this room
is 13.6 m while the coverage distance of the AP is 7.98 m × 2. The AP4 in R3 covers users
in this room and some in R4. The AP5 in R5 covers users in this room and some users in
R4. AP6 is placed in a location where it can serve users in OS2 and some users in OS3.
For example, user1 in OS3 cannot be covered by AP6, because her/his path loss to this AP
is 65.46 dB, which is higher than the maximum path losses (65 dB). Consequently, AP7 is
placed in a location where it can serve the users in R6, and some users in OS3.
Through this example and others, the efficiency of our method is very clear. The APs are
distributed in such a manner that the coverage of users is ensured above a given threshold
value while the cost of deployment is saved.
Figure 3.19: Optimal number of APs when Pt = 10 dBm, Rth = -55 dBm and f = 5.35 GHz
62
Network Planning – Proposed Optimisation Model 3.4. Results
3.4.4 Processing Time
We conducted experiments with different threshold values and different numbers of users in
order to find the effect of both of these parameters on the number of APs, and consequently
on the processing time. The tests were carried on the VPAC supercomputer “Brecca” [93].
Tables 3.3 and 3.4 show the numbers of APs for different threshold values when 223 and
183 users respectively are in the office building [88].
From the point of view of time complexity, the results are satisfactory: in most cases,
the solution has been found within a reasonable time. When the number of APs becomes
larger, the time necessary to solve the problem increases. From that viewpoint, we make a
few observations:
• The value of threshold has an influence on the processing time: for plmax = 114 dB
and plmax = 95 dB, the same number of APs are used (meaning the same number of
optimisation problems of the same dimension have been solved) to cover the area
when 223 users are in the area. However, the program needed nearly 1.5 more path
loss evaluations to find the solution, due to the fact that a larger threshold allows the
AP to cover a larger area. This shows that it is very efficient to take into account the
lower bound of the problem in the AGOP, which stops as soon as the solution has
been found.
• The time complexity is very dependent on the number of APs necessary to cover the
area. This is due to the enumeration part of the method: the more APs that are needed,
the more optimisation problems we need to solve.
• The number of users does influence both the result and the running time. This means
that when more users are in the area, more calculations are needed, in order to pro-
vide full coverage for the whole area instead of for a subarea. For example, when
plmax = 65 dB, the number of APs varies from fourteen to nine only when the num-
ber of potential receivers is reduced from 223 to 183 users. This observation is also
true when the value of threshold is low and many APs are needed.
63
Network Planning – Proposed Optimisation Model 3.5. Conclusion
Table 3.3: Processing time for various threshold values when 223 poten-
tial users are distributed in the office building
Plmax[dB] No. of APs tt[s] No. of Path Loss Evaluation
115 1 2.74 5.6× 105
114 2 12.48 2.4× 106
105 2 12.78 2.4× 106
100 2 14.51 2.7× 106
95 2 20.48 3.5× 106
92 3 48.57 7.1× 106
90 3 48.55 6.9× 106
80 4 125.87 1.3× 107
75 6 407.27 3.3× 107
70 8 701.24 5.1× 107
65 14 2241.29 1.2× 108
Table 3.4: Processing time for various threshold values when 183 poten-
tial users are distributed in the office building
Plmax[dB] No. of APs tt[s] No. of Path Loss Evaluation
115 1 1.01 2.1× 105
114 1 1.45 3.0× 105
105 2 10.00 1.9× 106
104 2 11.15 2.1× 106
100 2 12.78 2.5× 106
95 2 11.41 2.2× 106
92 2 11.27 2.1× 106
90 2 20.64 3.4× 106
82 3 41.97 6.1× 106
80 3 41.43 6.1× 106
75 5 146.45 1.4× 107
70 6 285.82 2.5× 107
65 9 777.29 5.4× 107
3.5 Conclusion
In this chapter we developed and presented an effective optimisation model for finding the
optimal number of APs and their placement in a design area. Our model does not require
any balancing parameter, unlike the convex optimisation model described in the Chapter 2.
We added a constraint in the model to ensure the quality of coverage for all mobile users.
An iterative scheme was developed to find the minimum number of APs in order to save on
the cost of deployment. Since the objective function in the model is discontinuous, most of
existing optimisation algorithms cannot be used to solve the problem at hand. We used the
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nonsmooth Global Optimisation Algorithm (AGOP) developed at the University of Ballarat
for solving the problem. This algorithm is suitable for minimising discontinuous functions
and solving large size problems and it does not require any initial parameters like genetic
algorithm and simulated annealing.
The efficiency and advantages of our model became clear through the results we ob-
tained for the same buildings tested by previous authors; in most cases we found a smaller
number of APs sufficient to cover the design area.
Through numerous tests, the role of discontinuity of the objective function due to ob-
stacles in the building has become clear. We noticed how the signal at the receiver drops
very suddenly when the user moves from a hallway to a room where the radio signal is
obstructed by walls. We observed that parameters such as number of users, number and
type of obstacles, size of design area, and the parameters of WLAN affect the number of
APs and the processing time. When the coverage distance decreases, the number of APs in-
creases. In this case, the number of calculations conducted to solve the problem increases;
hence the processing time increases. Detailed results on the effect of the WLAN parameters
on the number of APs is given in Chapter 5.
We noticed in some of the examples considered in this chapter that some APs are placed
close to exterior walls, or in unsafe areas. When they are placed close to exterior walls,
radio signals can radiate outside the building. Therefore, intruders can easily access the
network. When APs are placed in places like elevators, they can be subject to vandalism.
In both cases the security of the network can be at risk. In Chapter 4, we will show how
the model described in this chapter can be expanded to enhance the physical security in
wireless LANs by introducing unauthorised users in places where the position of an AP is
not safe. By maximising the path loss for unauthorised users, we move the APs away from
them.
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Chapter 4
Physical Security Enhancement in
WLANs
When designing wireless LAN systems, it is important to determine the optimum num-
bers and location of the APs such that coverage and physical security of the network is
maximised at minimum cost.
In the previous chapter, we developed a new optimisation model for solving the network
planning issue (finding the optimal number and placement of APs in a given design area)
in WLAN. We added a constraint in the model to provide coverage above a given threshold
value for all users. An iterative scheme was developed to find the minimum number of APs
in order to save on the cost of deployment while full coverage of the area is ensured. The
objective function in the model is discontinuous, therefore, most of existing algorithms are
not suitable for solving the problem at hand. We used a new global optimisation algorithm
suitable for discontinuous functions to solve the optimisation problem. When tested on the
same building used by other researchers, our method found fewer numbers of APs in most
cases.
In the process of testing the model we observed that, in some cases, the APs are placed
very close to exterior walls or in unauthorised areas. When APs are placed in unsafe areas,
they can be subject to vandalism. When they are placed close to windows or exterior walls,
a private network can be turned into a public access point and an unintended hotspot.
In this chapter we show how the physical security of the network can be enhanced
using optimisation. We extend the optimisation model described in the last chapter by
introducing some additional “unauthorised” users in places where the position of APs seems
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undesirable. We then minimise the coverage for these users. As a result, APs are moved
away from possible intruders. We use the AGOP for solving this optimisation problem.
4.1 Security in WLANs
The problem of providing security to wireless LANs is becoming more and more impor-
tant as their deployment increases. WLANs face more challenges to their security than
traditional wired networks. In wireless LAN signals can travel long distances as well as
through walls, windows, and ceilings. Consequently, an unauthorised user in the car park
outside the building, for example, can receive radio frequency (RF) signals as well as an
authorised user roaming inside the building. Unauthorised users are able to sniff data and
applications with the advent of readily-available hacker’s tools such as SMAC, HostAP,
WEPCrack, etc. [3]. A variety of attacks could be generated against a WLAN: Hardware
theft, access point impersonation, passive monitoring, man in the middle of attacks, Media
Access Control (MAC) address spoofing, and denial of service [13, 54].
“Hardware theft is a threat to wireless networks because a wireless device may
contain information to assist someone in breaking into the network. For ex-
ample, if the Service Set Identifier (SSID) or Wired Equivalent Privacy (WEP)
keys can be recovered from a device, then they can be used to attempt to gain
access to the network” [13].
A stolen AP can also be used as a rogue AP. Intruders can install a rogue AP on their
own network, close to the target network, in order to capture login information.
For the above reasons, security is counted as the number one concern for many busi-
nesses deploying wireless LANs in their premises [19, 62].
Enterprisers need to implement some wireless specific security measures to ensure that
their wireless network is as secure as a wired one. Security in WLANs is provided by the
IEEE standard in two areas: authenticating users and keeping transmission private [13]. We
will now discuss both of these methods.
4.1.1 Authentication
The process of identifying the users accessing the network is called authentication. Each
client in a WLAN is given the SSID of the network. This is a 32-character unique identifier
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attached to the header of packets sent over a WLAN. It is acting as a password when mobile
device tries to connect to AP. Because the SSID can be sniffed in plain text from a packet,
it does not supply any security to the network.
4.1.2 Privacy
While authentication ensures that the user is allowed to access the network, privacy keeps
the data transmission safe from prying eyes. An optional WEP specification is provided by
the IEEE standard for data encryption between wireless devices. WEP uses a complicated
software algorithm that scrambles data when it is sent by the client and unscrambles it as
soon as it is received. Data encryption uses a mathematical key for both encryption and
decryption. The strength of the key depends on the length of the key itself. The longer the
key, the stronger the encryption, as it is harder to break. However, researchers were able to
decrypt 128 bits long code in less than two hours [13].
Another protocol known as an Extensible Authentication Protocol (EAP) [39] has been
developed by the IEEE task group. In an EAP, a client can negotiate authentication protocol
with a separate authentication server.
Another way of ensuring the WLANs security is by the use of a MAC address to au-
thenticate the clients. Each network interface card is assigned with a unique MAC address.
A list of approved MAC addresses is kept in the access control list, and only those clients
on the access control list are given permission to use the network.
If WLAN data requires higher security, a Virtual Private Network (VPN) can be used
[13, 19]. This is a secure encrypted connection between two points.
4.1.3 Location is the Key
The first step in providing security in a WLAN is to limit the coverage range of the APs
beyond the building [4, 13, 19, 34, 35, 80, 86], and also to secure their position. This can be
accomplished by reducing the power of the APs, and placing them away from external walls
and unauthorised areas. Once these steps are followed, software tools that are operating
on encryption and authentication standards can be deployed. Moving the APs away from
intruders by a trial and error method is extremely difficult, and time consuming. We show
how optimisation can be used to achieve this goal.
68
Physical Security Enhancement 4.2. Model Description – Physical Security Enhancement
4.2 Model Description – Physical Security Enhancement
Enhancing the physical security of the network within the framework of the optimisation
model we developed in the previous chapter can be done in the following way:
• First, we find the minimal number of APs by solving our optimisation problem (3.6),
as described in Section 3.2.
• Then, we introduce unauthorised users r˜k, k = 1, . . . , K, in areas where the position
of APs seem unsafe.
• Finally, the path loss for these unauthorised users is maximised, moving the APs
away from them.
We define the following three functions:
F1(a1, ..., aN) =
M∑
i=1
(
min
j=1,...,N
pl(aj, ri)− plmax
)+
, (4.1)
F2(a1, ..., aN) =
K∑
k=1
min
j=1,...,N
pl(aj, r˜k), (4.2)
F3(a1, ..., aN) = F2(a1, ..., aN)−RpF1(a1, ..., aN) · (4.3)
Then, equation (3.5) can be rewritten as:
F1(a1, ..., aN) = 0 · (4.4)
In (4.3), Rp is the penalty parameter. It behaves as a magnifier for the path loss in case it
exceeds the prescribed threshold value, and it can be used to control the threshold violations
while compromising between such violations and overall quality.
In order to disconnect unauthorised users (r˜k) from the APs, their path losses are max-
imised. Hence, we formulate the problem:
maximise F2(a1, ..., aN) subject to (4.4) · (4.5)
This problem can be converted into an unconstrained one by using the penalty approach
[47, 48]:
maximise F3(a1, ..., aN) · (4.6)
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4.2.1 Solution of the Problem
The solution of the problem remains the same as the first part of our model described in
Section 3.2. Path loss functions introduce discontinuity in the objective function, as was
described in the last chapter.
As we are aiming to limit ourselves to a continuous search in the design area, we will
not discuss discrete optimisation algorithms [1, 24, 42, 53, 71].
Direct search methods seem to be the best option for solving problem at hand [23],
but these methods are suitable for continuous functions only. The problem at hand is not
continuous [1, 23–25, 30, 42, 65, 68, 72, 75]: the received power may change sharply as a
result of the change in the position of users that can occur.
The functions (4.1) and (4.2) are non-differentiable. Therefore, standard powerful opti-
misation techniques such as Newton based, quasi-Newton methods, the conjugate gradient
search method [75], and the steepest descent method [79] cannot be applied effectively
to the problem at hand. These algorithms depend on knowledge of the objective function
surface or gradient estimate. They are restricted to cases where the objective function is
smooth, which is not the case for difficult propagation situations.
Several authors [1, 2, 41, 65, 81, 82] have used genetic algorithms to solve the problem.
Although these algorithms do not require the gradients, they are highly dependent upon
starting conditions and algorithm parameters [90]. While these methods could be an option
for a smaller area, they would not be applicable to real situations, since a large number of
function evaluations is required.
We use the AGOP to solve the problem. The operation of this method is described
in Subsection 1.4.3. More details can be found in [56–58]. The AGOP is designed for
solving unconstrained continuous optimisation problems. It can be applied to a wide range
of functions, requiring only function evaluations to work.
4.3 Testing
In addition to the two buildings we described in Section 3.3, another two buildings at the
University of Ballarat are used for testing the enhanced model. These tests have become
possible, because we are able to categorise the different parts of each building by having
the original map. Categorising of the building allows us to validate the enhanced model.
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These buildings are called F-building and T-building. As described in the last two chap-
ters, test points are distributed in the area to facilitate the calculation of path losses. The
specifications of the buildings are as follows.
The floor plan of the F-building has dimensions of 75.6 m by 23.2 m. The exterior walls
are windows with metal frames. Loss associated with windows is considered to be 5 dB.
The interior walls are of a plaster type with metal stud. Loss associated with each wall and
door is considered to be 6 dB and 3 dB respectively. Figure 4.1 shows the floor plan with
walls of different attenuation factor shown with lines of different thickness. This figure
also shows 402 users distributed in some parts of the area. The distribution of users is in
accordance with the specifications given to us by the Information Service department at the
University of Ballarat. Areas without test points are not required to have coverage.
Figure 4.1: Layout of the F-building at the University of Ballarat
The floor plan of the T-building at the University of Ballarat has dimensions of 77.6 m
by 35.4 m. The exterior walls of this building are concrete, and internal walls are block
brick with metal stud and lined with plaster board. The loss associated with each type of
partition is shown in Table 4.1. The loss values related to this building and the F-building
are obtained from literature [4, 17, 25, 60, 63, 69]. Figure 4.2 shows the layout of this floor
plan and the positions of 480 potential users in this building.
For security purposes, some of the areas such as elevators, store rooms, and print rooms
are not covered with test points/potential users, as can be seen in Figures 4.1 and 4.2.
4.3.1 Area Category
In order to test the model with respect to enhancing the physical security in WLANs, we
divided the interiors of both the T-building and the F-building into three categories:
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Table 4.1: Partition dependent losses for the T-building
No. Wall Type Penetration Loss (dB)
1 Concrete slab 13
2 Block brick 8
3 Plaster board 6
4 Window 2
5 Door 3
Figure 4.2: Layout of the T-building at the University of Ballarat
• Demand areas (for example: offices, tutorial rooms, lecture theatres) – coverage is
required, and the APs can be placed in these areas.
• Neutral areas (for example: stationary rooms, print rooms) – coverage in these areas
is not required, but the APs can be placed in these areas.
• Unauthorised areas (for example: elevators, staircases, restrooms, outside the build-
ing) – coverage is not required and the APs should not be placed in these areas. If,
on the first stage, an AP is placed in these areas, it will be moved away on the second
stage using the method described in Section 4.2.
In Figures 4.1 and 4.2, the areas that do not contain with potential users are either the
neutral or unauthorised areas.
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4.3.2 AP Parameters
We used the data sheet of a model of an AP developed by Cisco (Aironet 1100 series) [16]
to test our method. This model supports the IEEE 802.11b/g standards. This gives us the
opportunity to examine our model with a wide range values of both Pt and Rth, to find
their effect on the number and position of the APs. The effect of these parameters will be
described in the next chapter.
4.4 Results
In order to show the effectiveness of our model, the results are divided into two parts. In
part one we discuss how the APs can be moved away from exterior walls, and in part two
some examples of incorporating unauthorised areas are given.
4.4.1 Moving the APs Away From Exterior Walls
Case Study – the Office Building
In the last chapter, we presented the results related to the office building for which two APs
were needed to cover the area when plmax = 100 dBm. This is shown again here, in Figure
4.3.
Figure 4.3: Position of the APs in the office building when plmax = 100 dB
The figure shows that the AP on the right hand side is very close to an exterior wall.
Consequently, the energy can spill outside the building, and intruders can access the net-
work, as discussed in Section 4.1. To move this AP away from the wall, we introduce three
unauthorised users (r˜k) close to this AP, outside the building, as shown in Figure 4.4.
The effect of introducing unauthorised users is seen in Figure 4.4: they cause the AP to
be moved away from the wall. However, the AP is placed close to another external wall.
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Figure 4.4: Position of the APs after 3 unauthorised users are introduced
Once again, another three unauthorised users are introduced close to this AP outside the
building. Figure 4.5 shows the new positions of the APs.
Figure 4.5: Position of the APs after 6 unauthorised users are introduced on two sides of
the building
Now, we notice that the AP on the right is in a better place. Intruders still might be
able to access the AP, but their signal is much weaker. Those who are also a bit further
away from the wall, are not able to access the AP. Since the position of the AP on the left is
changed as well, we introduce an unauthorised user on the left. Figure 4.6 shows how the
position of this AP has improved, that is, there are at least three walls instead of one wall
between the AP and possible intruders.
Figure 4.6: Position of the APs after 7 unauthorised users are introduced on three sides of
the building
We use another method of introducing unauthorised users, in order to avoid movement
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of the APs to other unsafe areas. For the same example given in Figure 4.3, we distribute
unauthorised users around the building. Although, with this technique the processing time
is a bit longer, the test does not need to be repeated. The result is shown in Figure 4.7.
Figure 4.7: Position of the APs after 54 unauthorised users are introduced around the build-
ing
One method that can be used to limit the leakage of the signal outside the building is to
reduce the power of the APs [13, 34, 40]. Figure 4.8 shows that, although the power of the
APs is decreased from 20 dBm to 10 dBm, the signal from AP1, AP4, and AP7 can still
reach outside the building.
Figure 4.8: Position of the APs in the office building when Pt = 10 dBm andRth = -60 dBm
(plmax = 70 dB)
In order to move these APs away from the exterior walls, we introduce 76 unauthorised
users outside the building. The new position of the APs is shown in Figure 4.9. We calcu-
lated the distance and path loss from the nearest unauthorised user to each AP in Figures
4.8 and 4.9, in order to be able to comprehend the results better. These calculation and the
position of APs are shown in Table 4.2.
We see in Figure 4.9 that there are two walls instead of one wall, between possible
unauthorised users and the APs (AP1, AP4, and AP7). As a result, the coverage distance of
75
Physical Security Enhancement 4.4. Results
these APs has decreased from 31.55 m to 15.81 m. Table 4.2 shows that the path loss for
the nearest unauthorised user to AP4 and AP7 is now greater than the maximum threshold
path loss (70 dB). Therefore, they are not able to access the AP. The unauthorised user is
able to access AP1, but signal is weaker by 7 dB compared with the case given in Figure
4.8. We observe in Table 4.2 that AP5 is located closer to the wall. In order to improve its
position, unauthorised users can be applied on the right hand side of the building.
Table 4.2: Positions of the APs before and after unauthorised users have
been introduced
AP No. Figure 4.8 Figure 4.9
Old d(aj, r˜k) pl(aj, r˜k) New d(aj, r˜k) pl(aj, r˜k)
Position [m] [dB] Position [m] [dB]
AP1 [12.87, 4.76] 5.7 61.24 [13.75, 5.49] 6.54 68.35
AP2 [33.54, 5.65] 6.65 68.49 [35.00, 8.10] 9.1 71.22
AP3 [54.12, 13.66] 14.66 75.36 [52.13, 13.82] 14.85 78.47
AP4 [68.67, 4.92] 5.95 61.54 [68.05, 7.78] 8.78 70.91
AP5 [63.76, 22.94] 8.06 70.16 [64.80, 24.66] 6.34 68.08
AP6 [41.73, 23.03] 7.974 70.07 [40.99, 23.10] 8.00 70.10
AP7 [21.72, 26.12] 4.88 59.80 [24.23, 23.05] 7.95 70.04
AP8 [13.91, 17.67] 14.91 69.50 [13.37, 16.94] 14.37 69.28
Figure 4.9: New positions of the APs in the office building after the distribution of unau-
thorised users
Case Study – the F-building
The following test is conducted on the F-building for which three APs can cover the demand
areas when plmax = 70 dB. Figure 4.10 shows that one of the APs on the top is close to the
exterior wall.
Three unauthorised users outside the building are introduced close to the AP in order
to move it away from the wall. The result is shown in Figure 4.11. In this case, not only
is the position of the AP on the top secured, but the position of other APs is improved as
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well. The AP on the right is moved to a neutral area (computer lab) where coverage is not
required, but an AP can be placed. Consequently, there is no need to move this AP to other
places.
Figure 4.10: Positions of the APs in the F-building when plmax = 70 dB
Figure 4.11: Positions of the APs in the F-building after unauthorised users are distributed
4.4.2 Moving APs Away From Unsafe Areas
In this subsection we focus on moving the APs away from unsafe areas such as elevators
and enclosed stairway to authorised areas. The T-building is used for this test, as we are
able to categorise it particulary for examining the problem.
It should be noted that the distribution of unauthorised users in this building is much
harder than the office building, as there are a few places inside the building, and several car
parks, that are classified as unsafe areas. Therefore, introducing unauthorised users in one
area can cause the APs to move to other unsafe areas. For this reason it is necessary, in this
particular case, to distribute unauthorised users all around the building and in unsafe areas.
Figure 4.12 shows that when Pt = 10 dBm and Rth = -73 dBm, five APs can cover the
T-building. This figure shows that one of the APs is located in the restroom, where it can
be subject to vandalism, and another one on the right is very close to an exterior wall.
To move these two APs, we introduced unauthorised users in unsafe areas. The result
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is shown in Figure 4.13. This figure shows how the two aforementioned APs are shifted in
authorised areas.
Figure 4.12: Position of the APs in the T-building when Pt = 10 dBm and Rth = -73 dBm
Figure 4.13: New position of the APs in the T-building for Pt = 10 dBm andRth = -73 dBm
Figure 4.14 shows the next example in which an AP is placed in the courtyard, which
is considered as unsafe area. We also notice there is another AP on the right close to an
external wall. Our first aim is to move the one that is in the courtyard.
Figure 4.14: Position of the APs in the T-building when Pt = 20 dBm and Rth = -72 dBm
To move the AP from the courtyard, unauthorised users are introduced into unsafe
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places. If this AP is pushed to neutral or demand areas, it will not be moved again. Figure
4.15 shows the result is that the AP is moved away from the courtyard and to the lecture
theatre. The one that was close to the external wall is moved to the stairway. This stairway
is considered a neutral area because it is not enclosed by doors.
Figure 4.15: New position of the APs in the T-building for Pt = 20 dBm and Rth = -72 dBm
4.5 Conclusion
In this chapter, we pointed out that it is a serious challenge to provide secure wireless LAN
due to radio waves, which can travel in all directions. When the APs are placed close
to exterior walls or unsafe places, intruders are given a chance to access the network using
readily available software tools. Therefore, the first step in providing security in a WLAN is
to keep the APs away from unsafe areas in order to lessen the opportunity for unauthorised
users to access the network.
To enhance the physical security of the APs in WLANs using optimisation, we extended
the model we developed in Chapter 3 to take into account “unauthorised” users. Using the
model in its new format, the minimum number of APs is first determined while assuring
coverage of the design area. Then, unauthorised users are introduced into areas where the
position of the APs is found to be unsecured, that is, they are either close to exterior walls
or in unsafe areas. Finally, coverage for these unauthorised users is minimised, that is, the
APs are moved away from them. To solve the optimisation problem, we used a nonsmooth
continuous global optimisation algorithm developed at the University of Ballarat.
In order to test our model, the design areas were classified into authorised, neutral, and
unauthorised areas. Through the tests we conducted on real buildings, we demonstrated
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the effectiveness, and efficiency of our model. Our results indicate that by placing the
APs further away from exterior walls, and unauthorised areas, they will not be subject to
vandalism.
In the next chapter, through case studies, we show how to use our models to find the
effect of the parameters of the WLAN on the coverage, cost, capacity, and processing time.
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Chapter 5
Evaluation of the Proposed Optimisation
Model Through WLAN’s Parameters
In Chapter 3, we developed and presented a novel optimisation model that finds the mini-
mum number of APs and their distribution in the design area. In Chapter 4, we expanded
our model to enhance the physical security of the network by moving the APs away from
exterior walls and unsafe areas. The model in its new format, finds the minimum number of
APs, and then unauthorised users are introduced into unsafe areas. Finally, the coverage for
these users is minimised. The optimisation model is solved by using the AGOP and tested
on several real buildings. The results demonstrate the effectiveness of our method.
Wireless LAN design involves three phases: coverage planning, capacity planning, and
assigning channels to APs. Coverage and capacity are affected by the number and place-
ment of the APs. The number and placement of the APs is influenced by the size of design
area and the numbers and types of obstacles, and configuration of WLAN parameters such
as transmit power, receive threshold, and carrier frequency [21, 63, 67, 72].
In this chapter, we present case studies to discuss how we have used our optimisation
model to find the effect of these parameters on the coverage, deployment cost, capacity, and
processing time.
5.1 Coverage Planning
A robust design is wireless LAN is expressed in terms of reliability, availability, perfor-
mance, and security. The wireless LAN design process is extremely complicated for two
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reasons: radio waves that can travel in directions, and the trade-off that must be made be-
tween the coverage, capacity, cost, and deployment method.
Parameters of WLANs have an impact on the number and placement of APs. Providing
sufficient numbers of APs in an area increases capacity as well as the cost of deployment
and number of handoffs. However, placing too few creates coverage holes, and not enough
capacity. In the following subsections, we show how we have used our optimisation model
to find these effects.
5.1.1 Carrier Frequency
The IEEE has introduced three types of standards for wireless LAN: the 802.11b operates
in the 2.4 GHz band with a top data rate of 11 Mbps, the IEEE 802.11a specification uses
the 5.x GHz band with the top data rate of 54 Mbps. Like the 802.11b, 802.11g operates in
the same 2.4 GHz portion of the radio frequency spectrum, but extends the data rate from
11 to 54 Mbps. The 802.11g has two disadvantages: the total capacity is lower than the
802.11a due to the lower bandwidth [78] of 802.11g; and interference that can be caused
with devices that are operating with the same frequency. (For the interest of the reader,
Appendix A provides some information on specification of these standards, and Appendix
D explains methods that can be used to increase capacity.)
The operation of the 802.11a in higher frequency range means that it cannot penetrate
as far as the other two standards. Therefore, the cell size (coverage distance) of the APs that
are operating in the 5.x GHz band is less than that of the APs that are operating in the range
of 2.4 GHz band [60,63,69]. This can be understood clearly through the path loss equation
at a reference distance (2.2) described in Chapter 2. By substituting f with 2.4 GHz and
5.35 GHz, the value of pl(d0) becomes 40.04 dB and 47 dB respectively. Having these
values, and the path loss equation for an obstructed environment (3.1), one can calculate
the coverage distance of an AP from different test points. When the cell size is smaller,
more APs are required to cover the design area. Consequently, fewer users are associating
with one AP. The following case study provides support to our discussion.
Case Study – Effect of Carrier Frequency
We conducted this case study on the factory and the F-building. The number of APs and
their distribution is examined with carrier frequencies of 2.4 GHz and 5.35 GHz. A sum-
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mary of our results for some of the WLAN parameters is provided in Table 5.1. Full results
are shown in Appendix C.
Table 5.1: Carrier frequency effect on the number and placement of APs
Building type Pt[dBm] Rth[dBm] f [GHz] No. of APs Placement of APs tt[s]
Factory 20 -85 2.4 1 [23.4377,39.525] 5.5
20 -70 2 [46.9642,33.3741] 165.234
[19.2135,12.0344]
20 -60 3 [28.9441,18.2781] 293.656
[8.3455,20.8829]
[47.4400,32.1954]
20 -55 5 [11.125,15.1122] 991.25
[51.7223,32.5142]
[28.1979,17.3328]
[21.579,39.9654]
[45.8073,7.0255]
20 -85 5.35 2 [46.9933,35.4791] 67.671
[1.501,1.501]
20 -70 3 [47.6074,31.6336] 237.593
[29.2946,23.793]
[9.87899,14.78]
20 -60 6 [40.492,19.0439] 1961.45
[9.4059,19.832]
[50.8291,33.1596]
[26.7563,40.51]
[54.7249,23.0649]
[21.677,8.8421]
20 -55 9 [31.4162,11.1296] 4337.45
[12.0555,17.2057]
[42.5144,38.4981]
[9.0829,33.0829]
[57.075,38.55]
[54.15,26.857]
[22.6738,24.1851]
[39.8001,23.5259]
[11.7385,1.501]
F-building 10 -73 2.4 2 [48.7554, 9.46855] 23.468
[26.0928, 10.2977]
10 -60 4 [50.8982,8.21933] 171.046
[13.7761,7.99985]
[29.2966,11.2415]
[68.499,0.501]
10 -55 5 [21.4737,7.01476] 344.953
[54.8838,10.7846]
[39.2583,11.2737]
[60.5355,2.09941]
[8.72367,7.06506]
10 -73 5.35 3 [61.1663,11.0907] 70.312
[33.8417,13.1617]
[18.1465,10.0466]
10 -60 7 [29.5285,12.7366] 797.515
[58.525,10.6537]
[45.8106,11.028]
[20.7922,3.02643]
[59.6333,1.95333]
[6.16593,6.02089]
[8.651,13.034]
10 -55 10 [46.7979,10.4386] 2903.23
[56.357,0.727491]
[8.55119,12.5534]
[34.2711,16.2825]
[21.6578,0.5]
[20.6786,12.9886]
[54.0174,10.5661]
[11.1898,6.34965]
[63.5125,6.82434]
[14.46,6.76531]
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When carrier frequency increases, the number of APs and capacity increases as well, as
shown in Table 5.1. This of course incurs higher deployment costs and increases processing
time. Figures 5.1 and 5.2 show the number and placement of APs in the factory building
for two cases where the carrier frequency is 2.4 GHz and 5.x GHz.
Figure 5.1: The optimal number and placement of APs in the factory building when
Pt = 20 dBm, Rth = 60 dBm, and f = 2.4 GHz
Figure 5.2: Effect of carrier frequency on the number and placement of APs in the factory
building. This figure shows that the number of APs is doubled when the carrier frequency
is chosen to be 5.35 GHz instead of 2.4 GHz
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5.1.2 Transmit Power
A cell is defined as the coverage area of one AP. This is the area in which the communi-
cation between the mobile terminals and the AP takes place. APs with higher power can
cover larger areas. A network designer whose aim is designing a wireless network based
on coverage might maximise the power of AP (Pt) to lengthen the signal’s reach. This, of
course, increases the risk of intruders accessing the network, as the radio signal can travel
beyond the walls. Those who aim to provide mobile users higher capacity for critical ac-
tivities, need to create microcells with the APs. Microcells are generated by using a lower
AP power setting. They boost the overall network throughput by sharing more bandwidth
among fewer users [60,63,69,83]. However, this increases the deployment cost [31,89] and
the number of handoffs [63]. Therefore, the complexity of the design and deployment of the
network increases, as the size of cells decreases. In any case, care is required in adjusting
the radio power of an AP, because too high power level creates co-channel interference, and
too low leaves coverage gaps.
Applying our model, the following processes take place in order to calculate the cover-
age distance of an AP.
• Having the Pt andRth, the maximum path loss is calculated with the equation plmax =
Pt −Rth − other losses.
• Then, the coverage distance is calculated from the path loss model (3.1).
• The number of APs required to cover an area is found by the model and algorithm,
based on the size of coverage distance calculated from the above two equations.
In support of our discussion, we provide the following case study.
Case Study – Effect of Transmit Power
We conducted many experiments on four buildings, testing our model and algorithm. Full
results are provided in Appendix C, and a summary of our results for the office building is
shown in Table 5.2.
Table 5.2: Effect of Pt on the number and placement of APs in the office building
Pt[dBm] Rth[dBm] M Users No. of APs tt[s]
20 -95 223 1 2.5
continued on next page
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Table 5.2 – continued from previous page
Pt[dBm] Rth[dBm] M Users No. of APs tt[s]
20 -85 2 11.296
20 -73 3 40.046
20 -60 4 112.328
20 -55 6 359.343
10 -85 2 18.078
10 -73 4 92.125
10 -60 8 678.453
10 -55 14 2121.2
6 -85 3 41.375
6 -73 5 173.687
6 -60 12 1667.72
6 -55 24 12747.7
Figure 5.3 shows that when Pt = 20 dBm and Rth = -55 dBm, coverage of the design
space is assured with six APs. If we assume that all APs provide equal coverage for the
building, then each AP in this case covers 375 m2 of the design area. It should be noted that
the office building measures 75 m × 30 m.
When Pt is reduced from 20 dBm to 10 dBm, the number of APs is increased, as we
expected according to our earlier discussion. Figure 5.4 shows the placement of fourteen
APs. In this case, each of the AP is covering 160 m2 of the area assuming again equal load
among APs.
Figure 5.3: The optimal number and placement of APs in the office building when
Pt = 20 dBm and Rth = -55 dBm
Reducing Pt further to 6 dBm, coverage of the design area is ensured by twenty four
APs, as shown in Figure 5.5. This reveals that each AP can cover 93.75 m2.
This case study, and other tests conducted, clarifies how transmit power influences the
coverage distance and consequently the capacity. However, as Pt decreases, the processing
time, number of handoffs, and deployment costs increase. This example provides a clear
indication that a trade-off is needed between coverage, capacity, and deployment costs.
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Figure 5.4: Effect of Pt on the number of APs in the office builidng. When transmit power
is reduced from 20 dBm to 10 dBm and Rth remains at -55 dBm, fourteen APs are covering
the building
Figure 5.5: Effect of Pt on the number of APs in the office building. When power is reduced
from 20 dBm to 6 dBm and Rth remains at -55 dBm, twenty four APs are required to cover
the design area instead of 6 APs
5.1.3 Receive Threshold
Receive threshold (Rth) is defined as the ability of the receiver to detect and demodulate the
weakest signal transmitted by the transmitter without exceeding the standard frame error
rate (FER) [60]. Improving the sensitivity on the receiver (making it more negative) will
allow the radio to detect weaker signals and can dramatically increase the transmission
range.
In WLANs, receive threshold is generally stated as a function of network speed. In
order to maximise the capacity of a particular AP, the designer must make sure that all
clients accessing the AP is running at maximum rate – either 54 Mbps for the 802.11a/g or
11 Mbps for the 802.11b.
The testing procedure for this parameter is the same as the one we described in Subsec-
tion 5.1.2, but with the value of Rth changes, instead of Pt. In support of our discussion,
we provide the following case study.
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Case Study – Effect of Receive Threshold
Receive threshold has both a high and a low required level listed in the IEEE specifications.
For example, in the IEEE 802.11a, the minimum receive sensitivity is stated as -82 dBm if
a data rate of 6 Mbps is to be achieved, and the maximum should be -65 dBm if a data rate
of 54 mbps is required [37]. We have tested our model and algorithm with values above
and below the ones stated in standards, to ensure that they are operating effectively.
This example is related to the T-building. Figure 5.6 shows that two APs can cover the
demand areas when Pt = 20 dBm and Rth = -80 dBm.
Figure 5.6: The optimal number of APs in the T-building when Pt = 20 dBm and
Rth = -80 dBm
Figure 5.7: The effect of Rth on the number of APs in the T-building. The number of APs
is increased when Pt remains constant at 20 dBm and Rth increases to -55 dBm
As shown in Figure 5.7, the number of APs is increased when Rth is increased to
-55 dBm and Pt is kept with the same value (20 dBm). This, of course, is due to the
maximum allowable path loss (plmax) decreasing from 100 dB to 75 dB. This in turn affects
the coverage distance, as described in Subsection 5.1.2.
In order to increase the capacity while saving on the cost of deployment, the areas in
a building where a high data rate is required can be marked with a high receive threshold,
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and hotspots areas with a low receive threshold. We believe that by using this technique, it
is not necessary to cover the whole building with a large number of APs.
5.1.4 Size of the Design Area
We observed in our tests that the cost of deployment can be reduced when coverage is
provided for subsets of the area instead of for the whole building. Using our model, this can
be achieved by distributing test points in demand areas only (areas where users congregate
to access the network). In this case, when we apply our model, the loss of signal is not
calculated in areas where test points do not exist. We present two case studies to show the
effect of size of the design space on the number and placement of APs.
Case Study One – Effect of the Size of the Design Area
The first case study is related to the office building. Suppose that offices do not require
coverage because they are facilitated with PCs. Therefore, test points can be removed from
offices. In doing this, the number of test points distributed in the design area is reduced from
223 to 183. Consequently, the total coverage area is reduced from 2250 m2 to 1794 m2. We
conducted tests for different values of Pt and Rth. Table 5.3 summarises the results. Full
results are provided in Table C.3 in Appendix C.
Table 5.3: Effect of the size of the coverage area on the number and placement of APs in
the office building
Pt[dBm] Rth[dBm] M Users No. of APs Placement of APs tt[s]
20 -95 223 1 [42.058,9.46237] 2.5
20 -80 2 [25.6198,12.8916] 11.296
[72.973,7.44765]
20 -73 3 [22.7903,6.51896] 40.046
[62.6603,25.4467]
[10.401,6.051]
20 -60 4 [19.2832,6.61855] 112.328
[54.8644,22.0353]
[70.4,9.425]
[20.001,24.1246]
20 -55 6 [31.953,27.4939] 359.343
[64.5758,6.65725]
[16.07,7.04842]
[11.3921,24.7797]
[60.5362,24.337]
[42.2133,14.2427]
20 -95 183 1 [41.8577,9.44739] 0.921
20 -80 2 [58.0212,5.38784] 8.843
[5.601,26.699]
20 -73 2 [58.5589,5.66997] 8.984
[9.201,26.049]
20 -60 3 [33.5562,8.9933] 36.468
[60.8764,25.9794]
[9.201,9.801]
continued on next page
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Table 5.3 – continued from previous page
Pt[dBm] Rth[dBm] M Users No. of APs Placement of APs tt[s]
20 -55 5 [44.0955,15.9147] 130.937
[22.0074,21.8906]
[8.60361,13.9235]
[59.6204,23.6289]
[70.399,5.901]
20 -95 158 1 [49.7921,6.96107] 0.781
20 -80 2 [53.9295,13.6891] 7.515
[2,7.98543]
20 -73 2 [58.2973,6.08547] 8.968
[16.401,22.999]
20 -60 3 [33.2823,10.6882] 31.75
[62.1475,16.97]
[9.71292,9.99504]
20 -55 4 [24.8731,13.1894] 63.859
[48.5507,9.04132]
[66.8977,16.1559]
[5.77832,21.5868]
We expected that the number of APs required to cover the 183 potential users (test
points) will be decreased for all the parameters of the AP, because the total size of the
demand area is reduced. However, as Table 5.3 shows, the number of APs is not changing
for low values of Rth. Through analysis, we found that this is due to two reasons: a large
number of obstacles in the path of the radio waves, and long distances between the APs and
the test points that are very close to the walls on the left and right side of the building.
We show our analysis when two APs are required to cover 183 test points with Pt =
20 dBm and Rth = -80 dBm.
• We assume that the program finds only one AP to cover the 183 test points.
• Again, we assume that the AP is placed in the middle of the design space in order to
provide enough coverage for potential users on the left and right who are far away
from the AP.
• We connect 4 of the test points to the AP, as shown in Figure 5.8.
• We calculate the path loss from these test points to the AP.
• Then, we compare the obtained path loss with the maximum path loss (plmax). If the
loss is less than the plmax, then we know that the potential user is covered. Results
are provided in Table 5.4.
As can be seen in Table 5.4, only test point3 is covered by this AP, because its path loss
is less than 100 dB. The other test points (1, 2, and 4) cannot be covered due to their large
distances from the AP and the many obstacles in their path.
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Figure 5.8: Test points (1, 2, and 4) cannot be covered by the AP
Table 5.4: Path loss from potential users to the AP for Figure 5.8
Coordinates Coordinates of Distance from Total loss Path loss from plmax
of the AP potential users test point to AP associated with walls test point to AP
38, 15 Test point1: 74, 25 54.1295 m 42 dB 116.709 dB 100 dB
38, 15 Test point2: 74, 8 69.89 m 42 dB 118.929 dB 100 dB
38, 15 Test point3: 4, 9 23.53 m 30 dB 94.47 dB 100 dB
38, 15 Test point4: 2,25 32.52 m 42 dB 112.28 dB 100 dB
We moved the AP to many positions such as the one shown in Figure 5.9, and we
found that at least two potential users in each position cannot be covered. As shown in this
figure and Table 5.5, test point1 and test point4 are covered by the AP, because there are
no obstacle between them and the AP. However, many walls exist between the AP and the
other test points.
Figure 5.9: Test points2 and test point3 cannot be covered by the AP
Table 5.3 shows that the number of APs required to cover 183 potential users is de-
creasing for other values of the AP parameters. For example, when Pt = 20 dBm and
Rth = -60 dBm, three APs can cover the demand areas compared with four APs found for
223 potential users. The position of the APs is shown in Figure 5.10.
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Table 5.5: Path loss from potential users to the AP for Figure 5.9
Coordinates Coordinates of Distance from Total loss Path loss from plmax
of AP potential users test point to AP associated with walls test point to AP
38, 25 Test point1: 74, 25 50.69 m 0 dB 74.142 dB 100 dB
38, 25 Test point2: 74, 8 67.27 m 42 dB 118.596 dB 100 dB
38, 25 Test point3: 4, 9 13.93 m 0 dB 62.92 dB 100 dB
38, 25 Test point4: 2,25 26.42 m 45 dB 113.48 dB 100 dB
Figure 5.10: This figure shows that 183 users can be covered with three APs in the office
building when Pt = 20 dBm and Rth = -60 dBm
Case Study Two – Effect of the Size of the Design Area
The second case study is conducted on the F-building and includes the following two
processes:
• Process number one.
– We assume that the three computer labs do not require coverage, because they
are equipped with PCs.
– Test points are distributed only in the demand areas (tutorial rooms, lecture
theatres, and open space areas).
• Process number two.
– Increase the total size of the demand area by providing coverage for all three
computer labs. To achieve this, we distribute test points in the labs as well.
We conducted tests with the different values Pt and Rth for both processes, and a sum-
mary of the results is shown in Table 5.6. Full results are provided in Table C.5 and C.6 in
Appendix C.
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Table 5.6: Effect of size of coverage area on the number and placement of APs in the
F-building
Pt[dBm] Rth[dBm] M Potential users No. of APs Placement of APs tt[c]
10 -95 402 1 [43.6884,18.3077] 1.843
10 -73 2 [48.0202,10.4803] 23.484
[25.8825,10.4025]
10 -60 3 [29.5656,12.3224] 48.375
[68.5,1.1018]
[13.4841,13.0189]
10 -55 4 [9.75121,9.29933] 126.171
[61.3425,1.60581]
[34.1498,8.98598]
[19.8291,2.79948]
10 -95 510 1 [43.6884,18.3077] 1.84
10 -73 2 [48.7554,9.46855] 23.468
[26.0928, 10.2977]
10 -60 4 [50.8982,8.21933] 171.046
[13.7761,7.99985]
[29.2966,11.2415]
[68.499,0.501]
10 -55 5 [21.4737,7.01476] 344.953
[54.8838,10.7846]
[39.2583,11.2737]
[60.5355,2.09941]
[8.72367,7.06506]
Prior to conduct test, we estimated that the number of APs required to cover 510 po-
tential users (process number 2) would increase, because the total size of the demand area
increased. However, we noticed that the number is the same when the coverage distance
is high (Pt = 10 dBm and Rth < -60 dBm). For lower coverage distance, an extra AP is
required. Figures 5.11 and 5.12 show the number of APs with and without the inclusion of
the labs respectively when Pt = 10 dBm and Rth = -55 dBm. It should be noted that the
structure of this building is much simpler than the office and the T-building, that is, there
are not many obstacles in the area. Therefore, the APs with higher coverage distance can
cover larger areas.
Figure 5.11: The optimal number and placement of APs in the F-building excluding the
computer labs, when Pt = 10 dBm, Rth = -55 dBm, and f = 5.35 GHz
From the above case studies, and other tests we conducted, we observed that the size of
the design area along with the numbers and types of obstacles have an impact on the number
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Figure 5.12: Effect of the size of the demand area on the number of APs. This figure shows
that by making the labs a part of the demand area, an extra AP is required
and placement of APs. We noticed in all cases that the APs are placed where potential users
are located.
As results indicate, the number of APs, cost of deployment, and processing time is
reduced by providing coverage for subsets of the area. However, the mobility of users (an
important issue in WLANs) is limited. In the next subsection, we show how to use our
model to provide mobility.
5.1.5 Mobility
A user in a wireless system can be anything that utilises the wireless network. People are
one of the most common types of users. Users of wireless networks tend to be mobile, that
is, constantly moving from one place to another. Mobility (seamless connection) is one of
the most prominent benefits of deploying a wireless network.
The media access control (MAC) in the IEEE 802.11 network allows for two operating
modes: the ad hoc mode and the infrastructure mode. In the infrastructure mode users
are connected together and to the network through an AP. A handoff (roaming) occurs
when a mobile user moves from the coverage of one AP to another. In the process of a
handoff, the client should be able to detect the new APs and switch across, based on signal
strength measurement. For this process to happen without disconnection, the coverage of
neighbouring APs must overlap [13, 18, 31, 32, 68, 92] when more than one AP is used. Of
course, this might generate interference. However, by restricting the network with non-
overlapping channels, the neighbouring APs can operate without mutual interference [60,
63, 69].
Using our model, in the planning of wireless LANs, potential users/test points are dis-
tributed in the demand areas to provide a means for calculating the loss or strength of the
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signal at these points. The number and coordinates of these potential users are set by the
design specifications, while the number of APs and their locations are not known and are to
be found by the program. Once the number and placement are found, they are supposed to
be installed permanently. It is assumed that in order to save the cost deployment, after the
APs are installed, their number and placement will not change. For this reason, the APs will
be static in their placement. Although the APs are static, they have to cover users, wherever
they move in the demand areas and at all times. In order to make the whole design space
a demand area, it is sufficient to distribute the potential users/test points to all parts of the
coverage area. In doing this, the demand areas will be extended and overlapping of APs
will occur. We show our procedure through the following case study.
Figure 5.13 shows that when Pt = 15 dBm andRth = -55 dBm (plmax = 70 dB), four APs
are found to cover the demand areas in the F-building. As can be seen in this figure, user1
on the left is covered only by AP2 because the path loss to this AP is 68.07 dB, which is less
than 70 dB. Calculated path loss indicates that the coverage of this user is ensured if she/he
moves along the path shown with solid line. It should be noted that this is not the only path
where this user can move. In fact, this user can move to anywhere that other potential users
are located. Calculated path loss shows that when this user moves to position 8, she/he is
not covered by any of the nearest APs such as AP1, and AP3. The path loss from this user
to AP1 is 81.74 dB, which is higher than the maximum path loss of 70 dB. This, of course,
is due to the 3 walls that are between them.
Figure 5.13: User1 cannot access the network at position 8
In order to make users mobile along the path shown with dashed line, it is required to
make this area a demand area by distributing test points. Figure 5.14 shows that the number
of APs is increased to five, since the size of demand area is increased. Therefore, users can
move along this path without being disconnected.
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Figure 5.14: Mobility of users is ensured in designated demand areas
If coverage of the users in all parts of the F-building is required, then the entire building
should be made as demand area. This can happen when test points are distributed in whole
design space, as shown in Figure 5.15. As can be seen in this figure, the number of required
APs is increased to six.
Figure 5.15: Mobility of users can be ensured when the whole building is made as demand
area
5.2 Conclusion
In this chapter we discussed that wireless LAN deployment involves recognising and taking
into account the effect of the parameters of the WLAN.
Through case studies, we showed how to use our model to find the effect of these para-
meters on deployment cost, coverage, capacity, processing time, and mobility. To provide
mobile users with what they need, the number of APs should be increased. However, this
increases deployment costs, processing time, and number of handoffs. In order to save on
the cost of deployment, coverage can be provided for a subset of areas. This limits the
mobility of users and mobility is an important issue in WLAN. To make users mobile, the
coverage of neighbouring APs should overlap. This can happen when the entire design area
is made as demand area.
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In the next chapter, we will describe the features and operation of a software that we
have developed to assist network designers in planning wireless LANs. This software uses
the optimisation model and algorithm presented in Chapters 3 and 4.
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Chapter 6
Software for Planning Wireless LAN
Systems
For a network designer to be able to analyse different system configuration scenarios, and
to evaluate the trade-offs between the coverage, capacity, deployment costs, and the quality
of service very quickly, and accurately, an interactive software tool is required [23–25, 32,
61]. Coverage prediction made by these tools will provide immediate feedback on system
performance [7, 77].
In Chapter 3 we developed and presented an optimisation model to find the minimum
number of APs in order to save on the cost of deployment. In Chapter 4 we extended the
model to enhance the physical security of the network by moving the APs away from unsafe
areas and exterior walls. A global optimisation algorithm was used to solve the optimisation
problems.
We have developed a software based on the proposed optimisation model and algo-
rithm. This software can assist network designers in planning and evaluating wireless LAN
systems quickly for small and large design areas.
The aim of this chapter is to explain the features and operation of this software.
6.1 Overview of the Features
The developed software allows a network designer to provide coverage for a building in-
cluding obstacles. The main features of the software are listed below:
• It operates in both automatic and manual mode.
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• The minimum number of APs is determined, saving on the cost of deployment.
• The placement of APs in the building is found.
• The APs can be placed away from unsafe areas in order to maximise their security.
• The loss of signal throughout the design area is calculated to ensure that the quality
of coverage is above a given threshold value.
• The designer is able to calculate the coverage distance of an AP, the distance between
two terminals, and the distance between a test point and an AP.
• The APs are moved away from unsafe areas in order to enhance the physical security
of the network.
• Coverage can be provided for the subsets of area in the building to save on the cost
of deployment.
• Designer is provided with visual feedback.
• Output is generated in different formats for documentation purposes.
6.1.1 Operation
The software is designed to operate in two modes:
• Automatic mode. The software uses the optimisation model and algorithm presented
in Chapter 3 and Chapter 4 to find the minimum number of APs and their distribution
in the design space. It also moves APs away from exterior walls and unsafe areas in
order to enhance the physical security of the network. With this mode, the designer is
able to save on the cost of deployment, while quality of coverage for users is obtained.
• Manual mode. The purposes of adding the manual mode to the software are:
– To add extra APs when required as a result of the change in the structure of the
building without changing the number and position of existing APs.
– To be able to add extra APs in high density areas if necessary.
– To validate results, as we showed in Chapters 3 and 5.
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– To move an AP slightly from its original place if necessary without changing
the status of coverage of the users.
6.1.2 Input and Output
The software requires the following input parameters:
• Parameters of the APs.
• Number and coordinates of the users.
• Structure of the building.
• Loss associated with obstacles.
The designer is able to change the first two parameters listed above, based on the feed-
back obtained each time the program is activated. Changes in the structure of the building
can be imported at any time.
Since the designer has the opportunity to use different software for documentation pur-
poses, the software accommodates the needs, and produces different output formats: graph-
ically and numerically.
In the following sections, we describe the operation of the software in details as well as
the types of input and output.
6.2 Input Files
The WLAN design process begins with importing data describing the facility, technology
type, number of users accessing the network, and the AP parameters. The program can
accept two types of input files.
6.2.1 Building File
This file includes the coordinates of the walls, and the loss associated with each wall type
in the building. Figures 6.1, and 6.2 show how the designer can choose this file.
Once the input file is selected, the program uses the information and draws the building
with lines of different thickness, showing the loss associated with each wall. Figure 6.3
shows different types of walls existing in the selected design area.
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Figure 6.1: Opening building input file
Figure 6.2: Selecting building input file
Then, as shown in Figure 6.4, the designer is required to provide the parameter values
such as reference distance d0, path loss at reference distance pl(d0), transmit power Pt,
receiver threshold Rth, and penalty parameter.
Using the building file as an input, the designer is able to select the number and coordi-
nates of users/test points using the feature of the software in two forms:
Even Distribution
As Figure 6.5 shows, the designer first selects the number of users, and their distribution
as evenly distributed forms. Then, the area (rooms, hallways) that requires coverage is
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Figure 6.3: Building layout – lines of different thickness show loss associated with different
types of walls
Figure 6.4: Selecting the parameters value
selected, and the generate button is pressed to insert the users. This form is suitable for
places such as lecture theatres, computer labs, meeting rooms, and other such places.
Random Distribution
Random distribution is suitable for hotspot areas. Figure 6.6 shows this feature.
Most buildings such as universities, require both types of distribution, based on appli-
cation. As shown in Figure 6.7, the designer is able to choose an even distribution for
classrooms, and a random distribution for open space areas.
Figures 6.5, 6.6, and 6.7, show that the designer has the option to remove any number
of users if required. This is done by selecting the number of users and then pressing the
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Figure 6.5: Evenly distributed form
Figure 6.6: Random distribution form
Figure 6.7: Distribution of users in random and even form
delete users button.
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6.2.2 Data File
The input data file includes the following information:
• The coordinates of users – the designer can choose any format for the placement
of users/test points. Figure 6.8 shows that the potential users are placed in every
1.5 m × 1.5 m.
• The name of the building file containing the coordinates of walls and their associated
loss.
• The parameters value.
Figure 6.8: Input data file including the coordinates of users, and building structure
It should be noted that by using the building file, the designer is able to see the effect of
the number and the distribution of users on the number of APs and their placement much
easier.
6.3 Activating the Program
6.3.1 Automatic Mode – Coverage Planning
Once the designer imports the input file, the run button, as shown in Figure 6.9, can be
selected for the execution to take place. The following steps are performed during the
operation.
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Figure 6.9: Activating the program by selecting the run button
• The program first finds the minimal number of APs using the Main Scheme described
in Section 3.2. The process is as follow:
1. The Main Scheme starts with one AP, as shown in Figures 6.10 and 6.11. The
constraints are checked for all users. If the constraints are satisfied (the path
loss at each user is equal or less than a given threshold value), the program
stops. One AP is sufficient to cover all users.
Figure 6.10: Automatic Mode – the Main Scheme starts with one AP and checks the con-
straints
2. If the constraints are not satisfied, another AP is added, as shown in Figures
6.12 and 6.13. The constraints are tested again for all users.
3. Step 2 is repeated until all constraints are satisfied, that is, the value of the
objective function becomes zero (0), as shown in Figure 6.14. The program
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Figure 6.11: Automatic Mode – the objective function value is not zero (0) because the
constraints are not satisfied
Figure 6.12: Automatic Mode – another AP is added if constraints in step 1 are not satisfied
Figure 6.13: Automatic Mode – since the constraints are not satisfied, the objective function
value is not zero. Therefore, another AP is added
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stops once the required number is found.
For example, in the case where Pt = 10 dBm and Rth = -60 dBm, eight APs are
required to cover the users, as shown in Figure 6.15.
Figure 6.14: Automatic Mode – once the constraints are satisfied, the objective function
value becomes zero and the program stops
Figure 6.15: Automatic Mode – the number of APs is increased until all constraints are
satisfied
• The AP placement is identified once the required number is found.
• The coverage condition (building covered or not covered) is shown.
• Graphical and numerical output is generated.
6.3.2 Automatic Mode – Physical Security Enhancement
This feature is used when the designer wants to move APs away from unsafe areas and
exterior walls in order to enhance the physical security of the network. The operation
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includes the following procedures:
• The input file is imported.
• The Parameters values are selected.
• Unauthorised areas are identified and filled with unauthorised users, as shown in
Figures 6.16, and 6.17. Figure 6.17 shows that authorised and unauthorised users
are identified with different colours for clarification.
• The minimum number of APs is found using the algorithm described in Section 3.2.
This is shown in Figure 6.18.
• The program uses the model presented in Section 4.2 to move the APs away from
identified unsafe areas.
• Graphical and numerical results are generated.
Figure 6.16: Selecting unauthorised users
6.4 Manual Mode – Coverage Planning
As described earlier, this mode is added to address the following three issues.
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Figure 6.17: Selecting unauthorised areas and inserting unauthorised users
Figure 6.18: Searching for the required number of APs
6.4.1 Modifying Results Due to Changes in the Building Structure
Enterprisers are constantly changing their building structure in order to accommodate the
growth of their business. The changes in the composition, and context of the building have
a significant impact on wireless signals. If the WLAN design is conducted again on the
same building, the designer will notice the change in the number and placement of APs.
Replacing the APs will incur an extra cost. In order to avoid this expense, manual mode
can be used to add additional APs to different parts of the building without changing the
positions of the APs found prior changing the structure of the building. We provide a case
study to show the procedure.
Suppose we need to add extra tutorial rooms in the F-building to accommodate extra
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students that have enrolled. To satisfy this requirement, three rooms are added to the build-
ing. More students are also going to fit in the large lecture theatre. Figure 6.19 shows the
number and placement of APs prior to renovation for Pt = 20 dBm and Rth = -55 dBm, and
Figure 6.20 shows the number, and positions of APs for the same value of Pt, and Rth after
renovations. We notice that the number and placement of APs has changed due to changes
in the structure of the building.
Figure 6.19: The number and placement of APs in the F-building prior to renovation when
Pt = 20 dBm and Rth = -55 dBm
Figure 6.20: The number and placement of APs in the F-building after renovations when
Pt = 20 dBm and Rth = -55 dBm
To provide coverage for all users without changing the placement of APs prior to reno-
vation, the following procedures take place.
• The designer imports the input file including the new changes in the structure of the
building.
• The APs are placed in the building according to the original design conducted prior
to renovation, as shown in Figure 6.21.
• Once APs are placed, the program uses the path loss model (1.6) to show the coverage
condition, as shown in Figure 6.21.
• Covered, and uncovered users are differentiated with different colours for clarification
purposes, as shown in Figure 6.21.
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Figure 6.21: The APs are placed in their positions according to the results obtained in
original design
• Once the coverage condition is shown, the designer is able to add extra APs in order
to provide coverage for uncovered areas/users. Figure 6.22 shows that not all users
can be covered by five APs. In order to provide full coverage, another AP is added.
Therefore, a total of six APs is required if coverage design is conducted manually, as
shown in Figure 6.23.
Figure 6.22: All users cannot be covered with five APs
• The AP can be removed by moving the mouse pointer to the AP, and processing the
right mouse button.
6.4.2 Modifying Results Obtained from Automatic Mode
In this case, the designer has the opportunity to add extra APs if required in high density
areas. The operation procedures are as follow:
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Figure 6.23: All users are covered with six APs
• The input file is imported.
• Figure 6.24 shows that the number and placement of APs are found using the auto-
matic mode.
• The designer can place extra APs in high density areas such as lecture theatres, as
shown in Figure 6.25.
• The table of results can be generated using the add to the table command, as shown
in Figure 6.26.
• Figure 6.27 shows that the coordinates of the new APs are added to the table.
• Graphical and numerical results are generated.
Figure 6.24: Manual mode – first, the number and placement of APs is found using the
automatic mode
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Figure 6.25: Manual mode – extra APs are added in the lecture theatre
Figure 6.26: Manual mode – the add to the table command can be used to generate a table
of results
Figure 6.27: Manual mode – the coordinates of the new APs are added to the table by using
the add to the table command
113
Software for WLAN Planning 6.5. Generated Output
6.4.3 Model Validation
In Subsection 3.4.3, some examples are presented demonstrating how the manual model
can be used to validate the obtained results. To perform this task, once the results are
obtained from the automatic mode, the designer can remove one AP, and try to cover all of
the users with the remaining APs. This is possible because the covered and uncovered users
are shown with different colours.
6.4.4 Changing the Position of an AP
Suppose an AP is placed on one wall in a room. Later, it might be necessary to place a
bookshelf where the AP is located. The manual mode can be used to slightly move this AP
as long as the coverage status of the users provided by the other APs is preserved.
It should be noted that the aim is to include the features of manual mode in the optimi-
sation model in order to conduct all the design functions automatically.
6.5 Generated Output
Once the operation is completed, the designer is able to observe the number of APs and
their placement graphically, as shown in Figure 6.28 as well as the function value and the
status of the coverage for evaluation purposes.
Figure 6.28: The graphical picture shows the number and placement of APs
The designer is provided with the opportunity of exporting the tabulated results in either
txt or tex format. Pictures can be saved in bmp, mp, mps, tiff or eps format. A sample
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table generated by the program is shown in Figure 6.29. As can be seen, the values of
WLAN parameters chosen by the designers for the test, the function value, the coordinates
of APs, and the time necessary for solving the problem are recorded each time the program
is executed.
Figure 6.29: Tabulated results
Figure 6.30 also shows how the designer is able to save and export the results. This
figure also shows that another file called data can be exported. The contents of this file
include the coordinates and number of users as well as the parameter values when the
building file (see Subsection 6.2.1) is used to import the necessary information.
Figure 6.30: Exporting different output formats
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6.6 Conclusion
This chapter described the features and operation of an efficient software that we have
developed to assist network designers in planning and evaluating wireless LAN systems.
Immediate visual feedback on the coverage of users is provided, while taking little time to
execute.
The software is written in C++ code, and can operate in automatic as well as manual
mode. The automatic mode is based on the optimisation models developed and the algo-
rithm used in this thesis to find the minimum number of APs and their placement and to
enhance the physical security of the network. In manual mode, the designer is able to add
extra APs when the structure of the building under test is changed to obtain full coverage
without changing the positions of existed APs. In both modes, the designer is able to exam-
ine and evaluate the design with different values of AP parameters and technology types.
Additional work currently underway involves extending the optimisation model to solve
the capacity issue. Including different path loss models for different types of environments
and buildings will provide designers with wider options. Many commercial buildings have
computerised floor plans that can be imported into AutoCAD. Therefore, it will be advanta-
geous for the software to be able to extract the building information from an AutoCAD file.
In the case where the floor plan is not available electronically, it would be advantageous if
the designer could draw the building plan in the design space provided by the software.
The reader will be able to download the software from the following web site for trial
purposes:
http://uob-community.ballarat.edu.au/∼ jugon/telecom.html.
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Conclusion
In this research our goal was to find an answer to this paramount question: how can opti-
misation be used to solve network planning (finding the optimal number and placement of
access points), and physical security issue in wireless LANs?
The primary goal of a wireless LAN design is to provide reliable signal coverage for an
expected level of performance in all demand areas. To provide coverage in all required areas
through our optimisation model, test points/potential users are distributed in the design
space in order to provide a tool for evaluating the loss or strength of signal at each point. To
provide quality of coverage for mobile users, we added a constraint in the models for each
potential user to receive a signal above a given threshold value.
To formulate the problem mathematically, we proposed two approaches in developing
our optimisation model. In the first approach, we developed a multi-objective functions
model based on path losses and power for free space environments. The minimisation
of the first function improves the overall quality of the coverage and the minimisation of
the second one ensures that even the worst location enjoys an acceptable level of signal
coverage. To obtain a good coverage for all users, the two functions are combined by using
a balancing parameter.
In the second approach, we followed a step-by-step procedure. In the first step, we
developed an effective optimisation model based on path losses to save on the cost of de-
ployment by finding the minimum number of APs.
On the second step, we added another objective function to the model to maximise
the physical security of the network. In this model, first, potential unauthorised users are
introduced in unsafe areas. Then, the model minimises the coverage for these intruders who
are in designated areas. Hence, the APs are moved away from their access and security of
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the network is reinforced.
We developed and used an iterative scheme to find the minimum number of APs in order
to save on the cost of deployment in both models. This scheme consists of incrementally
increasing the number of APs until the coverage constraint is satisfied.
We used a nonsmooth optimisation algorithm to solve the multi-objective functions
models. Since the objective functions in the second model are discontinuous due to ob-
stacles, most of the existing algorithms cannot be applied to solve the problems at hand.
We have used the Global Optimisation Algorithm (AGOP) developed at the University of
Ballarat. The two optimisation algorithms used in this thesis have not been used by other
approaches to solve the same problem.
We used obstacle free environments and WLAN parameters to test the multi-objective
functions models. We found that the scheme produces satisfactory results in finding the
minimum number of APs and their distribution. The algorithm is very fast in solving the
problem. However, our tests show that the choice of the best possible value of the balancing
parameter to satisfy the operation of both functions together is quite difficult.
Our second model is tested on several indoor buildings with a wide range of values
of the parameters of WLANs. When our results are compared with other approaches, our
model in most cases finds fewer APs. When we tested for security, satisfactory results (APs
are moved away from intruders) are obtained in all cases. From the time point of view, the
solution to the problem is found within a reasonable time.
Seamless coverage for the mobile users can be achieved when the coverage of the neigh-
bouring APs are overlapping. We have observed that this can be made possible when all
parts of the design space are treated as demand areas.
We have developed a software tool based on the proposed model and algorithm to as-
sist designers in network planning in wireless LAN. In this software once the designers
import the design requirements, the test can be conducted. Upon completion of the test,
the software produces graphical and numerical results for evaluation and documentation
purposes.
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Further Study
This thesis introduces an optimisation model and algorithm, which essentially provides a
solution to network planning problem in WLANs saving on the costs of deployment and
enhancing physical security of the network. By extending the model to include the follow-
ing research problems, designers will be able to complete the design through continuous
optimisation techniques.
• To increase capacity in areas where large number of users are congregating to conduct
critical activities, it is important to increase the number of APs. This can be achieved
by assigning lower path loss threshold values (high receive threshold and low trans-
mit power) to these areas. By assigning large threshold values to other areas, fewer
numbers of APs are required. This method (assigning different path loss threshold
value to different areas based on requirements) saves on the cost of deployment by
not allocating large number of APs in the whole area.
• To work on three dimensional building floor plans in order to consider the loss of
signal going through floors and ceilings. In this case the path loss model for multi-
storey buildings can be included in the optimisation model.
• To include parameters to reflect the needs and movement of mobile users in different
areas during the day in the model. Based on the observation of the results, designers
will be able to assign the appropriate load to APs dynamically.
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Overview of Wireless LAN
A wireless local area network (WLAN) is a flexible data communications system that can
either replace or extend a wired LAN to provide added functionality. Wireless communi-
cation is defined as the transmission of users data including e-mail messages, spreadsheets,
telephone voice messages, file transfer, audio streaming, and video streaming without use
of the physical connections. The popularity of WLANs has increased more and more and
they have started to revolutionise our life the same way that personal computers did in
1980s. Using wireless devices to browse the Internet, to access data and to send messages
will transform the way that we are working.
The operation of wireless communication is based on the principle of electromagnetic
waves. Wireless communication between two points is established with the use of a trans-
mitter and a receiver. The transmitter generates electrical oscillations at a radio frequency
called the carrier frequency. Oscillations at a radio frequency can be modulated either via
the amplitude, frequency or phase. The receiver detects these oscillations and transforms
them into sounds or images. Interference between two signals can happen if two transmit-
ters use the same carrier frequency or obstacles exist between the transmitter and receiver.
The level of interference depends on many factors such as the distance between the trans-
mitters and receivers, the geographical position of the transmitters, the power of the signal,
the direction in which the signal is transmitted, and the weather conditions. In these situa-
tions the quality of the signal received by the receiver can drop below an acceptable value.
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A.1 Advantages and Disadvantages of Wireless LAN
Any new technology has advantages and disadvantages. This is true with wireless LAN
communication system. The advantages of WLAN are: mobility, disaster recovery, in-
creased reliability, flexibility, and cost effectiveness. The disadvantages are: health risks,
radio signal interference, and security.
A.2 WLAN Applications
The application of WLAN can be found in many areas. Some of them are as follow:
• College and schools: lecturers/teachers can provide their lecture notes and take them
to the class for presentation by using their notebook, which would be able to make
the wireless connection automatically.
• Conference room: business people would be able to conduct their meeting using
their notebook that contains the required data without connecting their notebook to
network.
• Airport: Airlines would be able to inform the passengers and flight attendants of a
delay by transmitting wireless signals to the wireless notebook computer or PDA of
passengers and flight attendants.
• Accessing the Internet and email everywhere without requirements of connecting to
network.
• Coffee houses: people on the move would be able to surf the internet and find the
coffee house and order their drink to save waiting time.
• Health care: using wireless systems, doctors will be able to access patient’s med-
ication administration immediately in the computer as they move from one room to
another.
A.3 Wireless Transmission
The wired communication system normally uses copper wire or fibre optic cables to send
and receive data. Wireless transmission instead uses infrared light and radio waves for
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transmitting signals. These waves do not require a special medium for movement. Waves
travel freely through space at the speed of light, which is 3 × 108 metre per second. There
are two types of waves by which wireless signals are sent and received: infrared light and
radio waves.
A.3.1 Infrared Light
Infrared light has the characteristics of visible light, as it is close to visible light on the
light spectrum. Infrared wireless require that each device to have an emitter and detector
for transmitting and receiving the signal. The disadvantage of infrared wireless system is
that the emitter and detector have to be directly aimed at one another (called line of sight).
Other disadvantages are lack of mobility and limited speed for data transmission (up to 4
Mbps). The advantage of infrared wireless devices is that infrared light neither interferes
with nor is affected by other communication signals. Also, as it does not penetrate walls,
the signals are kept in a room and this makes it impossible for others to “listen in” on the
transmitted signal.
A.3.2 Radio Waves
Electromagnetic waves are created by movement of electrons. These waves can propagate
through space with the speed of light, c, which is 3 × 108 metres per second. The number
of oscillations per second of a wave is called the frequency and is denoted by f . Its unit of
measurement is Hertz (Hz). Wavelength designated by λ is the distance between the two
consecutive maxima or minima of a wave. The relation between f , and c is λ = c/f
There are various types of electromagnetic radiation and the only difference between
them is the amount of energy found in the photons. The electromagnetic spectrum has
been developed by International Telecommunication Union (ITU). Figure A.1 shows the
different types of electromagnetic radiation. Each one occupies a range of frequencies
that are used for different applications. Radio waves that are used for the most popular
applications such as radio, television, and cellular phone use very high frequency (VHF)
and ultra high frequency (UHF) of the electromagnetic spectrum.
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Figure A.1: Electromagnetic Spectrum
A.4 Characteristics of Radio Waves
Although radio waves can travel long distances, in all directions, and they can penetrate
buildings, they suffer from the following problems:
• Frequency dependency, that is, as they pass through obstacles at low frequencies; the
power falls off, as the distance from source to destination increases.
• At high frequency, they travel in straight lines and bounce off obstacles.
• They are absorbed by rain.
• At all frequencies, they are exposed to interference by motors and other electrical
equipment.
Due to the interference problem of radio waves, all governments tightly license the use
of radio transmitters. In order to prevent the chaos between all users, national governments
allocate parts of the spectrum radio, television, mobile phones, telephone companies, mil-
itary, police, governments, and other competing users. The international agencies world-
wide, try to coordinate this allocation so that devices that work in multiple countries can be
manufactured.
A completely different approach exists, and that is to not allocate frequencies to users.
Users are allowed to transmit at will, but the power used is regulated. Under this approach,
the stations have a short range, and they do not interfere with each other. As a result, most
governments have set aside some of the frequency band, which is called the Industrial,
Scientific, and Medical (ISM) band for unlicensed usage. The ISM bands are 902 to 926
MHz, 2.4 to 2.4835 GHz, and 5.725 to 5.850 GHz. Many of the wireless devices such as
garage door openers, cordless phones, wireless Local Area Networks, etc are using ISM
bands.
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A.5 Components
Wireless LAN uses the following two components:
A.5.1 Wireless Network Interface Card
The wireless network interface card WNIC performs the same functions as network in-
terface card (NIC) in wired network except that there is no port for a wire connection to
the network, instead it is equipped with an antenna to send and receive RF signals. The
functions of WNIC during data transmission are as follow:
• Changing the computer’s internal data flow from parallel to serial transmission.
• Dividing data into packets and attaching address of both transmitter and receiver to
them.
• Determining the suitable time for transmitting packets.
• Packet transmission, which is last part of operation.
The WNIC can be inserted in Peripheral Component Interface (PCI) expansion card for
desktop computers. Some cards have retractable antenna that can slide into the card when
not in use. One type of WNIC available for notebook computers is called Mini PCI. Its
function is the same as standard PCI expansion card. The antenna of some Mini PCIs are
fitted in the case of the notebook to improve the reception of the RF signal.
A.5.2 Access Point
An access point (AP) is a stand-alone device that acts as a base station for a group of users
within a basic geographic service area. This area is called a cell. The variable power level
of AP allows the cell to be sized according of the number of subscribers in a given area and
the demand for services within that particular region. APs are plugged into an Ethernet hub
or server and users can roam around while accessing network.
Coverage range of an AP is defined as an area where the user can access the network
without problem. The actual range varies depending on the type of environment, weather
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condition, operating radio frequency, the power of AP, the receive threshold, and manufac-
turer. It should be noted that the range in an outside environment is greater than that of an
indoor environment.
A.6 Wireless LAN Topology
The configuration of mobile terminals in which they are able to communicate with each
other is referred to as the topology. The two fundamental types of topology that exist
are infrastructure/hub-and-spoke topology and ad hoc or distributed topology. In order
to explain the two types of topology, it is important to become familiar with some of the
terminologies.
A.6.1 WLAN Terminologies
A basic service set (BSS) in 802.11 standard is defined in as “a set of stations controlled by
a single coordination function” [36]. The geographical area covered by the BSS is known
as the basic service area (BSA). All stations in a BSS can communicate directly with all
other stations in a BSS. An extended service set (ESS) can be formed by interconnecting a
set of BSSs using a distribution system (DS).
A.6.2 Ad Hoc Topology
In ad hoc topology/mode shown in Figure A.2, clients can communicate with each other
without the use of APs. This mode is used when the network infrastructure does not exist.
In this mode, which is also called Independent Basic Service Set (IBSS), clients cannot
access the wired network but they are able to communicate among themselves. Locations
that are suitable for this type of topology are meeting rooms, convention centres, and hotel
rooms.
A.6.3 Infrastructure Topology
In this topology/mode, which is known as the Basic Service Set (BSS), the clients are
connected to the fixed network through an AP. An Extended Service Set (ESS) can be used
if more users are required to be added to the WLAN. This infrastructure mode contains one
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Figure A.2: Ad hoc topology
or more APs, combination of BSSs, a distribution system, and zero or more portals. An
example of this mode is shown in Figure A.3.
Figure A.3: Infrastructure topology
Roaming in this topology is facilitated through overlapped cells. When a mobile user
carrying a wireless notebook enters an ESS domain, it will survey the radio frequency of
all APs to determine if any of them can provide a better service. This survey is based on
signal strength. Once the optimum service is found, the notebook then associates with the
new AP. This is called a handoff.
This mode has one disadvantage and that is all of the APs and users are counted as one
subnet and usually it is difficult to mange one big network [13]. In these situations, the big
subnet can be divided into smaller subnet by using special software.
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A.7 Wireless Standards
The IEEE formed a committee in 1990 to develop standard for WLANs to operate at 1
to 2 Mbps. The committee proposed several drafts, and in 1997, the IEEE ratified IEEE
802.11 standard. Since 1997, the IEEE has issued another three specifications, which are
the 802.11a, 802.11b, and 802.11g. Table A.1 shows a summary of the main operating
characteristics of each of the four standards.
Table A.1: The IEEE physical layer standards
Standard Frequency Data rate Available No. of Available power Receiver level
(GHz) band bandwidth non-overlapping (mW) (dBm)
channels
802.11 2.4 to 2.4835 1, 2 83.5 MHz 3 1000 mW USA Minimum -76
100 mW Europe Maximum -10
10 mW Japan
802.11b 2.4 to 2.4835 1, 2, 5.5, 11 83.5 MHz 3 1000 mW USA Minimum -76
100 mW Europe Maximum -10
10 mW Japan
802.11a 5.15 to 5.25 6, 9, 12, 18, 300 MHz 12 40 mW lower band Min -82 for 6 Mbps
5.25 to 5.35 24, 36, 48, 200 mW middle band Min -65 for 54 Mbps
5.725 to 5.825 54 800 mW upper band Max -30
802.11g 2.4 to 2.4835 1, 2, 5.5, 11 83.5 MHz 3 1000 mW USA Minimum -76
6, 9, 12, 18, 100 mW Europe Maximum -10
24, 36, 48, 10 mW Japan
54,
As can be seen from Table A.1, for high speed WLAN compatibility, the users have
the choice of using either the 802.11a or 802.11g. The 802.11g standard ensures high data
rate, it maintains backward compatibility with the existing 802.11b equipment. However,
the 802.11g has two disadvantages: the total capacity is lower than the 802.11a and this is
due to lower bandwidth [78]. Since the 802.11g operates in 2.4 GHz band, interference is
generated with devices such as microwave ovens and cordless phone that are operating on
the same frequency.
Another standard for wireless LAN called the 802.11n is going to be developed by the
IEEE 802.11n task group. They are enhancing the MAC layers to improve the throughput.
This will be achieved by including items such as multiple antennas, smart antennas, changes
to signal encoding schemes. The task group is aiming to increase the data rate to at least
100 Mbps [78].
It must be noted that the actual throughput of a wireless network is much lower than
the technology’s specified data rate due to environment, modulation type, and media access
control in the 802.11.
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A.8 The IEEE 802.11 Protocol Stack
Figure A.4 compares the 802.11 standard with the International Standard Organisation
(OSI) model [13]. As can be seen in this figure, the physical layer corresponds to the phys-
ical layer of OSI model and data link layer has been divided into two or more sub-layers.
No modifications have been done at higher layers because the first two layers provide full
implementation of all WLAN.
Figure A.4: Position of the IEEE 802.11 Standards within the OSI model
A.8.1 Physical Layer
The Physical Layer (PHY) shown in Figure A.5 [13] is responsible for transmitting and
receiving signals to and from network. This layer has been divided into two sub-layers.
Sub-layer one is called physical medium dependent (PMD). It includes standards, which
define the physical characteristics of wireless mediums such as direct sequence spread spec-
trum (DSSS) and frequency hopping spread spectrum (FHSS).
Sub-layer two, which communicates with the Media Access Control (MAC) layer is the
upper sub-layer and is called the physical layer convergence procedures (PLCP). The PLCP
“reformats the data” received from the MAC layer into a frame called MAC service data
unit (MSDU) for transmission to the PMD. It also “listens” to the medium to determine
when the data can be sent.
When the PMD sub-layer receives the PMD frame, it will convert the binary 1’s and 0’s
into radio signal that can be used for transmission.
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Figure A.5: Physical sub-layers
A.8.2 Data Link Layer (DLL)
DLL is divided into two sub-layers called Logical Link Control (LLC) sub-layer and MAC
sub-layer. According to the IEEE 802.11b standard, no changes are being done to LLC
sub-layer and instead all changes are being done to MAC sub-layer.
MAC Sub-layer
This sub-layer is responsible for the channel access procedures, protocol data unit (PDU)
addressing, frame formatting, error checking, fragmentation, reassembly of MAC service
data unit (MSDUs) frames, information security through authentication roaming support,
and power management.
The MAC layer in wired network (Ethernet standard 802.3) uses Carrier Sense Multi-
ple Access with Collision Detection (CSMA/CD) method for data transmission in order to
avoid collision. In WLAN the MAC sub-layer is using two other methods named Distrib-
uted Coordination Function (DCF) and Point Coordination Function (PCF) to gain access
to the network.
Distributed Coordination Function (DCF)
The DCF, which sits directly above the physical layer, is the basic access method that sup-
ports asynchronous data transfer on a best-effort basis.
The DCF specifies the use of Carrier Sense Multiple Access with Collision Avoidance
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(CSMA/CA) procedure to avoid collision. In CSAM/CA, all stations before attempting to
transmit must remain silent for a certain minimum period of time after the channel become
idle. This basic time delay is called inter-frame space (IFS). The length of IFS depends on
the type of frame that the station is going to transmit. High priority frames can wait for
a short IFS (SIFS) before they contend for an idle channel. If the station detects that the
medium is busy, it must defer its transmission until the end of the current transmission.
CSMA/CA also uses acknowledgment (ACK) for handling lost or corrupted frames. In
this option the transmitter waits to receive an ACK from the receiver. If an ACK is not
received, the sender will transmit the data again. Other stations can adjust their network
allocation vector (NVC) to calculate the amount of time that must elapse until the current
transmission is complete and the channel can be stamped for idle status. This is normally
done based on the duration information that the other stations are receiving from RTS/CTS
frames.
The 802.11b standard specifies another two methods to reduce collisions.
The first method is called Virtual Carrier Sensing or the Request to Send/Clear to Send
(RTS/CTS). In this method the sender (station A) sends an RTS signal to the AP asking for
the medium to be reserved for a specific period of the time. Then, the AP informs other
clients (station B, C,..) that the channel is going to be reserved by the client who has sent
the RTS signal. On receiving this, the other clients stop transmission and the AP sends a
CTS frame to sender (station A) allowing client to transmit.
The second method is fragmentation. If the size of data to be transmitted is a large
frame, the MAC layer will divide the data into several smaller frames. Fragmentation
uses additional overhead for every acknowledgment that needs to be received by each frag-
mented frame.
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Table B.1: Path loss-based model – optimal number and placement of APs when ψ = 0
Pt[dBm] Rth[dBm] dmax[m] pl[dB] No. and placement of APs t1[h] t2[h] tt[h]
20 ≤-85 ≥1770 98.62 1 APs 0:0:0.38 0:0:0.303 0:0:0.68
[600.002, 749.999]
20 -83 1406.04 98.62 1 APs 0:0:0.2 0:0:0.2 0:0:0.4
[600.01, 749.995]
20 -76 628.05 95.35 2 APs 0:0:0.8 0:0:0.1 0:0:0.8
[400,400]
[875.728, 1328.77]
20 -73 444.6 92.71 3 APs 0:0:1.8 0:0:3.4 0:0:5.1
[445.477, 118.624]
[810, 1150]
[127.37, 740.43]
20 -70 314.77 89.33 6 APs 0:0:6.5 0:0:4.5 0:0:10.6
[550.296, 150.059]
[860.574, 1244.15]
[250, 649.999]
[1000, 800]
[449.976, 149.981]
[500, 1000]
20 -60 99.54 79.5 25 APs 0:6:16.4 0:0:6.6 0:6:22.9
[585.816, 50.2773]
[815.632, 901.847]
[85.8486, 750.001]
[899.539, 1499.54]
[350.103, 114.451]
[414.856, 750.192]
[384.576, 548.053]
[751.204, 214.913]
[514.778, 250.328]
[500.011, 999.53]
[720.826, 42.0231]
[201.292, 299.491]
[86.0644, 550]
[1000, 801.118]
[999.537, 1000],
[801.122, 1301.12]
[1000, 1301.12]
[526.436, 595.965]
[201.123, 1.14247],
[400.01, 299.53]
[400, 0]
[299.527, 701.122]
[200.001, 501.121]
[200, 800]
[800, 800]
20 -55 55.97 50 APs 1:18:53.7 0:1:25.4 1:20:19.8
[350.209, 24.2283]
[124.69, 749.951]
[850, 975]
[850, 1424.94]
[749.975, 175.079]
[424.94, 750]
[424.942, 550.013]
[449.998, 224.923]
[223.774, 250.057]
[500.003, 955.83]
[49.9992, 515.512]
[223.687, 50.6002]
[549.97, 75.9277]
[1000.1, 855.794]
[755.87, 0.109577]
[950.084, 1324.79]
[800, 1300]
[1000, 1000]
[250, 575.111]
[350.036, 76.5918]
[1000, 1500]
[300.017, 755.442]
[650.048, 275.59]
[800, 300]
continued on next page
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Table B.1 – continued from previous page
Pt[dBm] Rth[dBm] dmax[m] pl[dB] No. and placement of APs t1[h] t2[h] tt[h]
[0.374051, 755.823]
[800, 800]
[900, 850]
[800, 900]
[600, 200]
[1000, 1400]
[300, 300]
[300, 200]
[500, 600]
[500, 0]
[500, 500]
[600, 0]
[200, 800]
[300, 500]
[200, 700]
[200, 500]
[500, 800]
[800, 1500]
[500, 700]
[900, 1500]
[400, 300]
[500, 300]
[0, 600]
[100, 600]
[800, 100]
[700, 100]
17 ≤-89 ≥1986.09 98.62 1 APs 0:0:0.4 0:0:0.3 0:0:0.3
[600.002, 749.999]
17 -87 1577.6 98.62 1 APs 0:0:0.1 0:0:0.3 0:0:0.4
[600.019, 749.99]
17 -85 1253.1 98.62 1 APs 0:0:0.2 0:0:0.2 0:0:0.4
[600.148, 749.921]
17 -83 995.4 98.62 1 APs 0:0:0.3 0:0:0.9 0:0:0.4
[599.965, 750.019]
17 -70 222.84 86.57 7 APs 0:0:11.2 0:0:13.4 0:0:24.7
[650.014, 149.986]
[812.945, 899.997]
[150, 650]
[949.793, 1450.21]
[349.995, 150.005]
[517.411, 676.676]
[500, 1000]
17 -60 70.46 76.77 46 APs 0:26:42.2 0:2:55.9 0:29:35.11
[49.4801, 550.048]
[856.4, 895.882]
[750.109, 148.972]
[849.658, 1450]
[451.453, 750.207]
[251.452, 150.208]
[451.867, 550.819]
[150.333, 751.978]
[250.049, 551.564]
[500.008, 970.159]
[451.422, 50.2056]
[451.213, 250.351]
[1000.01, 869.854]
[951.406, 1350.67]
[230.221, 300.406]
[770.191, 300.004]
[800, 1300]
[1000, 1500]
[0.00428488, 730.223]
[770.19, 0.00487919]
[299.964, 730.224]
[600.021, 69.4416]
[600.015, 270.233]
[230.216, 0.332776]
[970.346, 1000.27]
[800, 1000]
[800, 800]
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Pt[dBm] Rth[dBm] dmax[m] pl[dB] No. and placement of APs t1[h] t2[h] tt[h]
[51.3704, 550.347]
[900, 1300]
[400, 500]
[400, 600]
[400, 700]
[400, 800]
[200, 100]
[200, 200]
[200, 500]
[300, 500]
[700, 200]
[800, 200]
[400, 0]
[400, 100]
[100, 700]
[200, 700]
[400, 200]
[400, 300]
[900, 1400]
15 -83 790.6 95.35 2 APs 0:0:0.5 0:0:0.3 0:0:0.8
[326.647, 326.646]
[851.107, 1355.5]
15 -76 353.18 90.95 4 APs 0:0:3.3 0:0:0.2 0:0:3.5
[500.112, 185.249]
[749.738, 1249.74]
[195.661, 772.39]
[1000, 800]]
15 -73 250.03 87.99 6 APs 0:0:11.1 0:0:0.9 0:0:12.8
[601.039, 150.418]
[896.184, 1273.49]
[199.76, 649.68]
[500, 750]
[399.637, 150.271]
[976.771, 823.561]
15 -70 177 84.23 13 APs 0:0:42.0 01:17.9 0:1:59.0
[583.693, 138.769]
[872.562, 899.953]
[100.014, 672.575]
[910.772, 1418.12]
[299.982, 127.51]
[387.747, 836.243]
[529.333, 602.667]
[738.704, 150.012]
[300, 500]
[0, 500]
[200, 300]
[400, 300]
[500, 1000]
15 -55 31.47 67.99 72 APs 4:28:56 0:11:36 4:40:31
[200.12, 24.9908]
[99.9997, 724.991]
[924.974, 1400]
[900, 925]
[724.911, 99.9985]
[400, 724.898]
[475.022, 600.005]
[400.007, 224.991]
[500.001, 975.035]
[499.983, 24.8881]
[224.92, 299.989]
[-0.0125106, 524.655]
[300, 524.973]
[775.006, 300.025]
[575, 299.977]
[1000, 824.99]
[824.987, 1500]
[1000, 1500]
[799.997, 825]
[1000, 1000]
[800, 1300]
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Pt[dBm] Rth[dBm] dmax[m] pl[dB] No. and placement of APs t1[h] t2[h] tt[h]
[0.067339, 775.011]
[275.021, 799.968]
[400.246, 24.9884]
[300, 75.035]
[800, 975]
[500, 800]
[700, 200]
[600, 100]
[124.965, 600]
[400, 500]
[800, 0]
[300, 200]
[1000, 1300]
[300, 700]
[600, 200]
[200, 700]
[500, 200]
[800, 200]
[500, 700]
[100, 500]
[500, 500]
[600, 0]
[700, 0]
[800, 1400]
[900, 1300]
[200, 200]
[200, 500]
[900, 850]
[200.002, 75.0112]
[200, 600]
[1000, 1400]
[200, 800]
[400, 600]
[500, 300]
[300, 600]
[700, 300]
[500, 100]
[500, 900]
[800, 100]
[900, 1500]
[400, 300]
[400, 100]
[400, 800]
[0, 600]
[900, 1000]
[0, 700]
[100, 800]
[300, 0]
[800, 900]
[1000, 900]
[300, 300]
Table B.2: Path loss-based model – optimal number and placement of APs when ψ = 0.2
Pt[dBm] Rth[dBm] dmax[m] pl[dB] No. and placement of APs t1[h] t2[h] tt[h]
20 ≤-85 ≥1770 103.39 1 APs 0:0:0.4 0:0:0.3 0:0:0.7
[200.548, 0.836348]
20 -83 1406.04 97.55 1 APs 0:0:00.2 0:0:0.4 0:0:0.5
[585.56, 757.702]
20 -76 628.05 94.22 2 APs 0:0:0.8 0:0:2.2 0:0:3.1
[300.707, 300.707]
[899.005, 1300.1]
20 -73 444.6 91.57 3 APs 0:0:1.8 0:0:1.5 0:0:3.3
[499.744, 101.359]
[850.194, 1150.03]
[200.615, 699.384]
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Pt[dBm] Rth[dBm] dmax[m] pl[dB] No. and placement of APs t1[h] t2[h] tt[h]
20 -70 314.77 87.8 6 APs 0:0:6.6 0:0:25.3 0:0:31.3
[604.582, 120.405]
[899.942, 1301]
[249.327, 648.877]
[999.3, 800.714]
[399.081, 199.605]
[500.001, 999]
20 -60 99.54 79.30 25 APs 0:6:33.7 0:0:50.6 0:7:24.3
[585.666, 50.2804]
[814.939, 901.701]
[85.698, 750.001]
[899.539, 1499.54]
[350.104, 114.598]
[414.999, 750.194]
[384.441, 548.032]
[751.217, 215.055]
[514.922, 250.331]
[500.011, 999.31]
[720.894, 41.9565]
[200.776, 299.371]
[85.911, 550]
[1000.01, 800.994]
[999.316, 1000]
[800.69, 1300.68]
[1000.01, 1300.99]
[525.553, 595.881]
[200.628, 0.762861]
[400.01, 299.53]
[400, 0]
[299.345, 700.755]
[200.005, 500.996]
[200, 800]
[800, 800.439]
17 ≤-89 ≥1986.09 103.39 1 APs 0:0:0.3 0:0:0.5 0:0:0.8
[200.548, 0.836348]
17 -87 1577.6 102.02 1 APs 0:0:0.1 0:0:0.8 0:0:0.2
[549.402, 776.986]
17 -85 1253.1 97.55 1 APs 0:0:0.2 0:0:0.2 0:0:0.4
[549.393, 776.99]
17 -83 995.4 97.56 1 APs 0:0:0.3 0:0:0.4 0:0:0.7
[549.397, 776.988]
17 -70 222.84 85.54 7 APs 0:0:11.2 0:0:22.6 0:0:33.8
[648.096, 149.995]
[811.376, 899.996]
[151.921, 649.998]
[950.961, 1450.96]
[351.905, 150.019]
[515.83, 679.332]
[500, 999.44]
17 -60 70.46 76.01 46 APs 0:26:10.7 0:2:54.2 0:29:4.9
[48.6348, 550.048]
[857.728, 896.016]
[750.109, 148.127]
[849.658, 1450]
[452.298, 750.207]
[252.297, 150.208]
[452.711, 550.819]
[150.333, 752.822]
[250.049, 552.409]
[500.008, 970.469]
[452.267, 50.2057]
[452.058, 249.901]
[1000.01, 870.469]
[952.251, 1350.67]
[229.534, 300.383]
[770.469, 300.004]
[800, 1300]
[1000, 1500]
[0.004519, 729.531]
[770.469, 0.005080]
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Pt[dBm] Rth[dBm] dmax[m] pl[dB] No. and placement of APs t1[h] t2[h] tt[h]
[299.967, 729.553]
[600.02, 70.2361]
[600.014, 270.469]
[229.547, 0.314501]
[970.319, 1000.24]
[800, 999.127]
[800, 800.852]
[52.2154, 550.347]
[900, 1300]
[400, 500]
[400, 600]
[400, 700]
[400, 800]
[200, 100]
[200, 200]
[200, 500]
[300, 500]
[700, 200]
[800, 200]
[400, 0]
[400, 100]
[100, 700]
[200, 700]
[400, 200]
[400, 300]
[900, 1400]
15 -83 790.6 94.36 2 APs 0:0:0.5 0:0:0.4 0:0:0.9
[499.005, 499.903]
[999.945, 1499]
15 -76 353.18 89.37 4 APs 0:0:3.3 0:0:0.8 0:0:4.8
[500.061, 186.284]
[749.738, 1249.74]
[195.971, 772.035]
[999.323, 800.736]
15 -73 250.03 86.9 6 APs 0:0:11.2 0:0:20.3 0:0:31.5
[608.038, 150.071]
[898.551, 1293.73]
[199.865, 649.835]
[497.885, 750]
[396.229, 150.536]
[971.871, 829.258]
15 -70 177 82.57 13 APs 0:0:41.1 0:1:25.2 0:2:6.1
[559.038, 146.987]
[879.905, 901.004]
[100.717, 680.968]
[905.376, 1409.88]
[300.025, 118.352]
[388.243, 828.619]
[514.033, 601.523]
[749.108, 150]
[300.001, 500.996]
[0.713071, 500.701]
[200.704, 299.291]
[400.703, 299.294]
[500, 999.001]
Table B.3: Path loss-based model – optimal number and placement of APs when ψ = 0.5
Pt[dBm] Rth[dBm] dmax[m] pl[dB] No. and placement of APs t1[h] t2[h] tt[h]
20 ≤-85 ≥1770 101.5 1 APs 0:0:0.4 0:0:0.4 0:0:0.8
[200.608, 0.794256]
20 -83 1406.04 97.7 1 APs 0:0:0.2 0:0:0.2 0:0:0.4
[499.875, 600.992]
20 -76 628.05 92.53 2 APs 0:0:0.8 0:0:0.3 0:0:2.0
[300.707, 300.707]
[899.005, 1300.1]
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Pt[dBm] Rth[dBm] dmax[m] pl[dB] No. and placement of APs t1[h] t2[h] tt[h]
20 -73 444.6 89.8 3 APs 0:0:1.8 0:0:4.6 0:0:6.3
[500, 101]
[812.886, 1147.59]
[114.141, 698.441]
20 -70 314.77 85.59 6 APs 0:0:6.3 0:0:20.7 0:0:26.7
[601.251, 114.56]
[894.316, 1302.38]
[245.617, 642.71]
[999.269, 800.704]
[399.037, 199.922]
[500.017, 999.186]
20 -60 99.54 75.82 25 APs 0:6:23.215 0:1:14.198 0:7:37.413
[585.673, 50.2803]
[815.102, 901.968]
[85.7058, 750.001]
[899.539, 1499.54]
[350.104, 114.591]
[414.991, 750.196]
[384.446, 548.033]
[751.217, 215.047]
[514.916, 250.331]
[500.011, 999.319]
[720.892, 41.9577]
[200.678, 299.311]
[85.9195, 550]
[1000.01, 800.914]
[999.328, 1000]
[800.693, 1300.71]
[1000.01, 1300.99]
[525.61, 595.885]
[200.706, 0.708254]
[400.01, 299.53]
[400, 0]
[299.234, 700.643]
[200.005, 501]
[200, 800]
[800, 800.419]
20 -55 55.97 61.18 50 APs 1:19:18.325 0:31:53.270 1:51:11.595
[350.345, 20.2611]
[121.541, 749.932]
[850.287, 975.575]
[850.013, 1421.75]
[750.008, 178.24]
[421.682, 749.993]
[421.669, 550.039]
[449.992, 221.672]
[220.994, 250.091]
[500.005, 955.976]
[50.0122, 513.453]
[220.975, 50.1414]
[549.945, 79.815]
[1000.04, 855.976]
[755.976, 0.052238]
[950.135, 1321.59]
[800, 1300]
[1000, 1000]
[249.977, 578.345]
[350.056, 79.225]
[1000, 1500]
[300.01, 755.976]
[650.073, 278.635]
[800, 300]
[0.145262, 755.976]
[800, 800]
[900, 851]
[800.003, 899.989]
[600, 200]
[1000, 1400]
[300, 300]
[300, 200]
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Pt[dBm] Rth[dBm] dmax[m] pl[dB] No. and placement of APs t1[h] t2[h] tt[h]
[500, 600]
[500, 0]
[500, 500]
[600, 0]
[200, 800]
[300, 500]
[200, 700]
[200, 500]
[500, 800]
[800, 1500]
[500, 700]
[900, 1500]
[400, 300]
[500, 300]
[0, 600]
[100, 600]
[800, 100]
[700, 100]
17 ≤-89 ≥1986.09 101.5 1 APs 0:0:0.4 0:0:0.6 0:0:0.1
[200.573, 0.819882]
17 -87 1577.6 99.9 1 APs 0:0:0.1 0:0:0.6 0:0:0.2
[400.525, 300.851]
17 -85 1253.1 97.7 1 APs 0:0:0.2 0:0:0.5 0:0:0.2
[500.169, 700.986]
17 -83 995.4 95.7 1 APs 0:0:0.3 0:0:0.1 0:0:0.4
[500.853, 800.522]
17 -70 222.84 83.77 7 APs 0:0:11.2 0:0:30.0 0:0:41.2
[646.293, 150.217]
[801, 900]
[162.172, 651.736]
[949.701, 1449.51]
[363.279, 150.414]
[499.202, 699.398]
[500, 999]
17 -60 70.46 73.43 46 APs 0:26:40.2 0:2:52.9 0:29:33.6
[48.54, 550.048]
[858.05, 896.03]
[750.109, 148.032]
[849.658, 1450]
[452.393, 750.207]
[252.392, 150.208]
[452.806, 550.82]
[150.333, 752.917]
[250.049, 552.504]
[500.001, 970.469]
[452.362, 50.2057]
[452.152, 249.901]
[1000.01, 870.469]
[952.345, 1350.67]
[229.532, 300.38]
[770.465, 300.004]
[800, 1300]
[1000, 1500]
[0.00448785, 729.531]
[770.469, 0.00504256]
[299.967, 729.531]
[600.02, 70.3279]
[600.014, 270.468]
[229.531, 0.312117]
[970.469, 1000.25]
[800, 999.029]
[800, 800.949]
[52.31, 550.347]
[900, 1300]
[400, 500]
[400, 600]
[400, 700]
[400, 800]
[200, 100]
[200, 200]
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Pt[dBm] Rth[dBm] dmax[m] pl[dB] No. and placement of APs t1[h] t2[h] tt[h]
[200, 500]
[300, 500]
[700, 200]
[800, 200]
[400, 0]
[400, 100]
[100, 700]
[200, 700]
[400, 200]
[400, 300]
[900, 1400]
15 -83 790.6 93.09 2 APs 0:0:0.5 0:0:0.4 0:0:0.8
[500, 599]
[999.334, 1499.25]
15 -76 353.18 88.45 4 APs 0:0:3.3 0:0:2.1 0:0:5.4
[500, 186.382]
[749.738, 1249.74]
[196.223, 771.578]
[999.321, 800.735]
15 -73 250.03 85.24 6 APs 0:0:11.2 0:0:14.3 0:0:25.5
[608.1, 149.038]
[898.875, 1295.25]
[199.422, 649.239]
[496.783, 750]
[395.219, 151.49]
[971.36, 829.836]
15 -70 177 79.32 13 APs 0:0:41.2 0:0:53.1 0:1:34.4
[550.828, 149.724]
[899.166, 900.552]
[100, 701]
[900.806, 1400.46]
[300.002, 99]
[399.675, 799.054]
[499, 600]
[750, 150]
[299.677, 500.946]
[0.705234, 500.709]
[200.71, 299.296]
[400.711, 299.296]
[500, 999]
15 -55 31.4775 55.137 72APs 4:43:3.513 4:43:3.526 4:43:3.39
[200.335, 0.942167]
[100.187, 700.421]
[900.946, 1400.33]
[900, 925]
[700.945, 100.328]
[400.334, 700.942]
[499.739, 600.335]
[400.334, 200.942]
[500.325, 999.738]
[500.334, 0.941527]
[200.946, 300.324]
[0.313422, 500.736]
[300.334, 500.942]
[799.731, 300.335]
[599.729, 300.335]
[1000.33, 800.942]
[800.946, 1500.32]
[1000, 1500]
[799.996, 825]
[1000, 1000]
[800, 1300]
[0.322967, 799.737]
[299.729, 800.335]
[400.335, 0.942114]
[300.322, 99.7328]
[800, 975]
[500, 800]
[700, 200]
[600, 100]
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Pt[dBm] Rth[dBm] dmax[m] pl[dB] No. and placement of APs t1[h] t2[h] tt[h]
[100.946, 600.323]
[400, 500]
[800, 0]
[300, 200]
[1000, 1300]
[300, 700]
[600, 200]
[200, 700]
[500, 200]
[800, 200]
[500, 700]
[100, 500]
[500, 500]
[600, 0]
[700, 0]
[800, 1400]
[900, 1300]
[200, 200]
[200, 500]
[900, 850]
[200.331, 99.7496]
[200, 600]
[1000, 1400]
[200, 800]
[400, 600]
[500, 300]
[300, 600]
[700, 300]
[500, 100]
[500, 900]
[800, 100]
[900, 1500]
[400, 300]
[400, 100]
[400, 800]
[0, 600]
[900, 1000]
[0, 700]
[100, 800]
[300, 0]
[800, 900]
[1000, 900]
[300, 300]
Table B.4: Path loss-based model – optimal number and placement of APs when ψ = 0.8
Pt[dBm] Rth[dBm] dmax[m] pl[dB] No. and placement of APs t1[h] t2[h] tt[h]
20 ≤-85 ≥1770 99.63 1 APs 0:0:0.4 0:0:0.3 0:0:0.7
[200.597, 0.802179]
20 -83 1406.04 95.51 1 APs 0:0:0.2 0:0:0.1 0:0:0.3
[400.613, 300.79]
20 -76 628.05 90.69 2 APs 0:0:0.8 0:0:0.9 0:0:1.6
[300.707, 300.707]
[899.003, 1300.08]
20 -73 444.6 87.98 3 APs 0:0:1.8 0:0:1.8 0:0:8.4
[402.272, 101.23]
[843.006, 1084.01]
[100.927, 699.625]
20 -70 314.77 82.93 6 APs 0:0:6.9 0:0:10.6 0:0:16.7
[600.96, 100.279]
[900, 1301]
[244.588, 640.981]
[999.321, 800.734]
[399.04, 199.719]
[500, 999]
20 -60 99.54 78.80 25 APs 0:6:17.8 0:1:56.3 0:8:14.1
[585.468, 50.2847]
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Pt[dBm] Rth[dBm] dmax[m] pl[dB] No. and placement of APs t1[h] t2[h] tt[h]
[815.076, 901.925]
[85.5001, 750.001]
[899.539, 1499.54]
[350.105, 114.792]
[415.186, 750.196]
[384.263, 548.003]
[751.236, 215.241]
[515.111, 250.336]
[500.011, 999.016]
[720.983, 41.867]
[200.708, 299.294]
[85.7102, 550]
[1000.04, 800.998]
[999, 1000]
[800.707, 1300.71]
[1000.04, 1301]
[524.536, 595.783]
[200.705, 0.708735]
[400.01, 299.53]
[400, 0]
[299.293, 700.707]
[200.029, 500.996]
[200, 800]
[800, 801]
17 ≤ -89 ≥1986.09 99.63 1 APs 0:0:0.4 0:0:0.3 0:0:0.7
[200.597,0.802179]
17 -87 1577.6 97.83 1 APs 0:0:1.0 0:0:0.6 0:0:0.2
[400.617,300.787]
17 -85 1253.1 95.51 1 APs 0:0:0.2 0:0:0.9 0:0:0.3
[400.321,500.947]
17 -83 995.4 93.67 1 APs 0:0:0.3 0:0:0.1 0:0:0.4
[499.112,699.541]
17 -70 222.84 81.84 7 APs 0:0:11.3 0:0:34.3 0:0:45.4
[638.093, 149.5]
[801, 900]
[162.282, 651.739]
[948.104, 1447.91]
[353.354, 150.702]
[499.201, 699.399]
[500, 999]
17 -60 70.46 75.37 46 APs 0:25:53.6 0:2:38.5 0:28:32.5
[48.6398, 550.048]
[857.899, 896.015]
[750.109, 148.132]
[849.658, 1450]
[452.293, 750.207]
[252.292, 150.208]
[452.707, 550.819]
[150.333, 752.817]
[250.049, 552.404]
[500.008, 970.467]
[452.262, 50.2057]
[452.053, 249.901]
[1000.01, 870.469]
[952.246, 1350.67]
[229.532, 300.383]
[770.469, 300.004]
[800, 1300]
[1000, 1500]
[0.00451677, 729.531]
[770.358, 0.00508596]
[299.967, 729.683]
[600.02, 70.2308]
[600.015, 270.469]
[229.542, 0.314608]
[970.469, 1000.25]
[800, 999.186]
[800, 800.847]
[52.2103, 550.347]
[900, 1300]
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Pt[dBm] Rth[dBm] dmax[m] pl[dB] No. and placement of APs t1[h] t2[h] tt[h]
[400, 500]
[400, 600]
[400, 700]
[400, 800]
[200, 100]
[200, 200]
[200, 500]
[300, 500]
[700, 200]
[800, 200]
[400, 0]
[400, 100]
[100, 700]
[200, 700]
[400, 200]
[400, 300]
[900, 1400]
15 -83 790.6 91.01 2 APs 0:0:0.5 0:0:1.2 0:0:1.6
[499.372, 599.221]
[999.336, 1499.25]
15 -76 353.18 90.83 4 APs 0:0:3.3 0:0:3.5 0:0:6.8
[500, 186.382]
[749.743, 1249.73]
[196.569, 771.246]
[999.347, 800.757]
15 -73 250.03 83.58 6 APs 0:0:11.3 0:0:9.2 0:0:20.5
[608.299, 148.997]
[898.949, 1295.64]
[198.168, 647.55]
[498.026, 749.989]
[395.034, 151.557]
[971.14, 830.089]
15 -70 177 76.51 13 APs 0:0:41.6 0:1:03.6 0:1:45.3
[557.612, 147.463]
[899.169, 900.556]
[100, 701]
[900.305, 1400.4]
[300, 99]
[399.666, 799.057]
[499, 600.001]
[749.48, 150.015]
[299.674, 500.945]
[0.704557, 500.71]
[200.706, 299.292]
[400.701, 299.287]
[500.002, 999]
Table B.5: Path loss-based model – optimal number and placement of APs when ψ = 1
Pt[dBm] Rth[dBm] dmax[m] pl[dB] No. and placement of APs t1[h] t2[h] tt[h]
20 ≤-85 ≤1770 98.3 1 APs 0:0:0.4 0:0:0.34 0:0:0.74
[200.608, 0.794256]
20 -83 1406.04 94 1 APs 0:0:0.131 0:0:0.145 0.0:0.276
[400.718, 300.696]
20 -76 628.05 89.47 2 APs 0:0:0.763 0:0:0:373 0:0:1.136
[499.005, 499.897]
[999.377, 1499.22]
20 -73 444.6 86.85 3 APs 0:0:1.774 0:0:5.25 0:0:6.799
[402.277,101.221]
[816.321,1095.08]
[119.356,706.343]
20 -70 314.77 83.04 6 APs 0:0:6.64 0:0:17.871 0:0:23.935
[200.633, 0.774444]
[900.002, 1301]
[236.55, 672.268]
[999.3, 800.694]
[445.32, 150.131]
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Pt[dBm] Rth[dBm] dmax[m] pl[dB] No. and placement of APs t1[h] t2[h] tt[h]
[500.002, 999.008]
20 -60 99.54 75.41 25 APs 0:6:22.488 0:1:8.59 0:7:30.547
[585.673, 50.2803]
[815.102, 901.968]
[85.7058, 750.001]
[899.539, 1499.54]
[350.104, 114.591]
[414.991, 750.196]
[384.446, 548.033]
[751.217, 215.047]
[514.916, 250.331]
[500.011, 999.319]
[720.892, 41.9577]
[200.678, 299.311]
[85.9195, 550]
[1000.01, 800.914]
[999.328, 1000]
[800.693, 1300.71]
[1000.01, 1300.99]
[525.61, 595.885]
[200.706, 0.708254]
[400.01, 299.53]
[400, 0]
[299.234, 700.643]
[200.005, 501]
[200, 800]
[800, 800.419]
20 -55 55.97 61.18 50 APs 1:19:12.786 0:2:31.124 1:21:43.910
[350.345, 12.2611]
[112.541, 749.932]
[851.287, 977.575]
[850.013, 1412.75]
[750.008, 187.24]
[412.682, 749.993]
[412.669, 550.039]
[449.992, 212.672]
[211.994, 250.091]
[500.005, 955.976]
[50.0122, 507.453]
[211.975, 51.1414]
[549.945, 87.815]
[1000.04, 855.976]
[755.976, 0.052238]
[950.135, 1312.59]
[800, 1300]
[1000, 1000]
[249.977, 587.345]
[350.056, 88.225]
[1000, 1500]
[300.01, 755.976]
[650.073, 287.635]
[800, 300]
[0.145262, 755.976]
[800, 800]
[900, 851]
[800.003, 899.989]
[600, 200]
[1000, 1400]
[300, 300]
[300, 200]
[500, 600]
[500, 0]
[500, 500]
[600, 0]
[200, 800]
[300, 500]
[200, 700]
[200, 500]
[500, 800]
[800, 1500]
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Pt[dBm] Rth[dBm] dmax[m] pl[dB] No. and placement of APs t1[h] t2[h] tt[h]
[500, 700]
[900, 1500]
[400, 300]
[500, 300]
[0, 600]
[100, 600]
[800, 100]
[700, 100]
17 ≤-89 ≥1986.09 98.38 1 APs 0:0:0.36 0:0:0.27 0:0:0.63
[200.608, 0.794256]
17 -87 1577.6 96.43 1 APs 0:0:0.96 0:0:0.66 0:0:0.162
[400.718, 300.696]
17 -85 1253.1 94.05 1 APs 0:0:0.205 0:0:0.63 0:0:0.268
[399.989, 501]
17 -83 995.4 92.2 1 APs 0:0:0.271 0:0:0.109 0:0:0.380
[499.234, 699.357]
17 -70 222.84 80.55 7 APs 0:0:11.3 0:0:28.8 0:0:40.7
[647.15, 150.412]
[800.993, 900.072]
[163.068, 651.736]
[948.944, 1448.73]
[364.141, 150.32]
[499.102, 699.56]
[500, 999.002]
17 -60 70.46 72.218 46 APs 0:26:40.2 0:2:52.9 0:29:33.6
[48.54, 550.048]
[858.05, 896.03]
[750.109, 148.032]
[849.658, 1450]
[452.393, 750.207]
[252.392, 150.208]
[452.806, 550.82]
[150.333, 752.917]
[250.049, 552.504]
[500.001, 970.469]
[452.362, 50.2057]
[452.152, 249.901]
[1000.01, 870.469]
[952.345, 1350.67]
[229.532, 300.38]
[770.465, 300.004]
[800, 1300]
[1000, 1500]
[0.00448785, 729.531]
[770.469, 0.00504256]
[299.967, 729.531]
[600.02, 70.3279]
[600.014, 270.468]
[229.531, 0.312117]
[970.469, 1000.25]
[800, 999.029]
[800, 800.949]
[52.31, 550.347]
[900, 1300]
[400, 500]
[400, 600]
[400, 700]
[400, 800]
[200, 100]
[200, 200]
[200, 500]
[300, 500]
[700, 200]
[800, 200]
[400, 0]
[400, 100]
[100, 700]
[200, 700]
[400, 200]
[400, 300]
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Pt[dBm] Rth[dBm] dmax[m] pl[dB] No. and placement of APs t1[h] t2[h] tt[h]
[900, 1400]
15 -83 790.6 89.25 2 APs 0:0:0.5 0:0:0.5 0:0:01.0
[399.468, 599.153]
[999.377, 1499.22]
15 -76 353.18 81.35 4 APs 0:0:03.3 0:0:05.3 0:0:08.6
[500, 186.382]
[749.741, 1249.74]
[197.721, 769.653]
[999.346, 800.756]
15 -73 250.03 82.76 6 APs 0:0:11.2 0:0:03.5 0;:0:14.7
[604.107, 149.517]
[896.961, 1279.72]
[199.282, 649.096]
[499.637, 749.978]
[397.368, 150.948]
[974.631, 826.106]
15 -70 177 74.6 13 APs 0:0:41.2 0:1:35.5 0:2:16.2
[580.133, 124.108]
[899.181, 900.573]
[100, 700.998]
[900.688, 1399.92]
[300.001, 99]
[399.634, 799.069]
[499.001, 600]
[729.169, 150.21]
[299.642, 500.934]
[0.704354, 500.71]
[200.707, 299.292]
[400.706, 299.292]
[500.001, 999]
15 -55 31.47 42.2526 72 APs 4:28:56 0:11:36 4:40:31
[200.328, 0.92745]
[100.327, 700.926]
[900.936, 1400.32]
[900.132, 931.477]
[700.936, 100.318]
[400.327, 700.926]
[499.5, 600.314]
[400.327, 200.927]
[500.322, 999.737]
[500.327, 0.925839]
[200.934, 300.319]
[0.326986, 500.926]
[300.327, 500.925]
[799.729, 300.327]
[599.729, 300.326]
[1000.33, 800.925]
[800.934, 1500.32]
[1000, 1500]
[800.104, 831.477]
[1000, 1000]
[800, 1300]
[0.320086, 799.737]
[299.729, 800.327]
[400.33, 0.929016]
[300.324, 99.7142]
[800.059, 981.477]
[500, 800]
[700, 200]
[600, 100]
[100.933, 600.319]
[400, 500]
[800, 0]
[300, 200]
[1000, 1300]
[300, 700]
[600, 200]
[200, 700]
[500, 200]
[800, 200]
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Pt[dBm] Rth[dBm] dmax[m] pl[dB] No. and placement of APs t1[h] t2[h] tt[h]
[500, 700]
[100, 500]
[500, 500]
[600, 0]
[700, 0]
[800, 1400]
[900, 1300]
[200, 200]
[200, 500]
[900, 850]
[200.321, 100.141]
[200, 600]
[1000, 1400]
[200, 800]
[400, 600]
[500, 300]
[300, 600]
[700, 300]
[500, 100]
[500, 900]
[800, 100]
[900, 1500]
[400, 300]
[400, 100]
[400, 800]
[0, 600]
[900, 1000]
[0, 700]
[100, 800]
[300, 0]
[800, 900]
[1000, 900]
[300, 300]
Table B.6: Power-based model – optimal number and placement of APs when ψ = 0
Pt[dBm] Rth[dBm] dmax[m] No. and placement of APs t1[h] t2[h] tt[h]
20 -85 1770 1 APs 0:0:0.34 0:0:0.133 0:0:0.167
[600.026,749.986]
20 -83 1406.04 1 APs 0:0:0.54 0:0:0.105 0:0:0.159
[599.837,750.087]
20 -76 628.05 2 APs 0:0:0.129 0:0:0.68 0:0:0.197
[400.013,400.013]
[855.234,1152.48]
20 -73 444.63 3 APs 0:0:0.377 0:0:0.155 0:0:0.532
[448.163,113.545]
[810,1150]
[129.02,744.747]
20 -70 314.77 6 APs 0:0:2.356 0:0:1.232 0:0:3.588
[550.025,149.959]
[790.604,1297.19]
[250.009,650.015]
[1000,800]
[500,1000]
[200.003,291.467]
20 -60 99.54 26 APs 0:3:15.672 0:2:26.332 0:5:42.4
[717.456,50.0021]
[821.314,894.123]
[82.541,749.998]
[803.562,1396.44]
[282.543,249.999]
[382.542,750.003]
[382.539,550.003]
[717.455,249.999]
[582.537,49.9998]
[500.002,996.508]
[317.455,49.9991]
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Pt[dBm] Rth[dBm] dmax[m] No. and placement of APs t1[h] t2[h] tt[h]
[82.5454,550.001]
[496.438,203.561]
[1000,803.492]
[996.503,1000]
[996.438,1303.56]
[996.505,1500]
[500.011,596.505]
[599.545,296.506]
[500.009,796.502]
[400,300]
[200.003,503.492]
[200.003,703.495]
[200.004,96.4955]
[800,1000]
[800,1500]
20 -55 55.97 50 APs 0:15:49.107 0:0:22.342 0:15:49.449
[749.821,23.0533]
[850,975]
[24.034,750.208]
[849.903,1424.22]
[250.53,23.3267]
[324.172,750.345]
[276.22,550.304]
[650.266,224.174]
[450.336,76.1507]
[500.123,955.577]
[450.21,276.919]
[450.159,524.107]
[223.865,250.299]
[76.2008,550.315]
[1000.04,855.695]
[518.362,647.683]
[1000,1000]
[950.288,1324.19]
[1000,1500]
[800,1300]
[500,800]
[800,800]
[200.138,755.683]
[600.138,44.7769]
[800.138,244.777]
[900,850]
[750.114,76.6148]
[800,900]
[1000,1400]
[400,600]
[700,300]
[600,300]
[100,800]
[100,700]
[400,0]
[500,0]
[300,300]
[300,200]
[200,500]
[200,600]
[400,700]
[400,800]
[500,200]
[400,200]
[300,100]
[200,100]
[0,600]
[0,500]
[900,1500]
[800,1500]
17 -89 1986.09 1 APs 0:0:0.34 0:0:0.118 0:0:0.152
[600.026,749.986]
17 -87 1577.6 1 APs 0:0:0.54 0:0:0.119 0:0:0.173
[599.529,750.251]
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Pt[dBm] Rth[dBm] dmax[m] No. and placement of APs t1[h] t2[h] tt[h]
17 -85 1253.1 1 APs 0:0:0.59 0:0:0.73 0:0:0.132
[599.868,750.071]
17 -83 995.4 1 APs 0:0:0.63 0:0:0.62 0:0:0.125
[599.663,750.18]
17 -70 222.84 7 APs 0:0:4.726 0:0:4.155 0:0:4.881
[650.125,149.93]
[903.204,1314.67]
[150,650]
[817.756,908.566]
[350,150]
[517.774,623.609]
[500,1000]
17 -60 70.46 50 APs 0:12:42.977 0:10:40.796 0:23:23.773
[540.228,49.9896]
[864.094,903.188]
[49.9773,740.216]
[840.244,1450]
[259.787,50.0136]
[250.001,559.757]
[459.764,849.998]
[649.999,240.23]
[40.2429,550]
[440.209,250.019]
[250.001,240.23]
[750,59.7652]
[1000.08,864.176]
[450.002,659.773]
[500,1000]
[250.001,759.756]
[959.767,1349.99]
[1000,1500]
[800,1300]
[964.18,1000.16]
[435.826,500.17]
[800.097,235.831]
[400.013,35.8168]
[800,800]
[800,1000]
[559.758,49.9978]
[400,800]
[900,1300]
[529.333,602.667]
[400,600]
[500,200]
[700,0]
[800,0]
[500,300]
[200,300]
[300,300]
[200,700]
[300,700]
[100,800]
[0,800]
[900,1500]
[900,1400]
[700,300]
[600,300]
[300,500]
[100,600]
[100,500]
[200,500]
[200,0]
[200,100]
15 -83 790.6 2 APs 0:0:0.171 0:0:0.117 0:0:0.288
[500,500]
[1000.01,1483.03]
15 -76 353.18 5 APs 0:0:1.876 0:0:1.715 0:0:1.591
[500,150]
[736.202,1238.13]
[297.906,645.884]
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Pt[dBm] Rth[dBm] dmax[m] No. and placement of APs t1[h] t2[h] tt[h]
[1000,800]
[1000,1500]
15 -73 250.03 6 APs 0:0:3.366 0:0:3.576 0:0:6.942
[600.894,148.808]
[897.718,1272.87]
[199.106,648.808]
[500.691,749.997]
[976.818,823.259]
[211.3,232.957]
15 -70 177 13 APs 0:0:15.318 0:0:26.372 0:0:41.690
[650,66.4757]
[869.928,900]
[99.9996,669.929]
[912.888,1419.06]
[300.002,130.071]
[400,669.928]
[500,1000]
[500,300]
[702.371,168.138]
[200,300]
[500,500]
[300,500]
[0,500]
15 -55 31.477 71 APs 0:55:5.638 0:4:59.343 1:0:4.981
[675.056,0.0801931]
[800.001,875]
[0.126328,775.033]
[875.074,1300.06]
[300.081,275.013]
[324.824,700.108]
[275.101,600.027]
[500.097,275.078]
[500.109,75.0924]
[500.028,524.964]
[500.112,975.039]
[75.0788,600.278]
[200.114,75.0193]
[700.121,275.113]
[1000.12,876.271]
[900.006,975]
[975.007,1500.05]
[800.117,1475.04]
[800.118,75.0103]
[800.02,975]
[500.113,775.03]
[200.031,775.131]
[400.112,275.053]
[1000,1300]
[675.049,100.974]
[1000,1000]
[900,1400]
[1000,1400]
[900.003,875]
[0,500]
[100,500]
[400,100]
[400,0]
[100,700]
[100,800]
[400,500]
[400,600]
[600,300]
[600,200]
[300,0]
[300,100]
[400,800]
[300,800]
[200,500]
[300,500]
[200,200]
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Pt[dBm] Rth[dBm] dmax[m] No. and placement of APs t1[h] t2[h] tt[h]
[200,300]
[800,200]
[800,300]
[524.812,602.667]
[624.977,0.1077]
[300,200]
[400,700]
[500,200]
[500,0]
[0,600]
[900,1500]
[800,1300]
[200,600]
[200,0]
[800,1400]
[500,700]
[600,100]
[500,900]
[800,800]
[800,0]
[700,200]
[1000,800]
[400,200]
[200,700]
[0,700]
Table B.7: Power-based model – optimal number and placement of APs when ψ = 0.5
Pt[dBm] Rth[dBm] dmax[m] No. and placement of APs t1[h] t2[h] tt[h]
20 -85 1770 1APs 0:0:0.31 0:0:0.14 0:0:0.45
[200.624,0.781188]
20 -83 1406.04 1APs 0:0:0.60 0:0:0.15 0:0:0.75
[499,699.972]
20 -76 628.05 2APs 0:0:0.172 0:0:0.89 0:0:0.261
[499,500.007]
[999.343,1499.25]
20 -73 444.63 3APs 0:0:0.390 0:0:0.479 0:0:0.869
[499.048,299.001]
[781.082,1127.8]
[0.713301,799.299]
20 -70 314.77 6APs 0:0:3.320 0:0:3.611 0:0:3.931
[523.441,150.072]
[800.956,1300.29]
[251.656,691.076]
[999.521,800.878]
[500,999.342]
[200.662,299.251]
20 -60 99.54 26APs 0:3:14.308 0:0:2.391 0:3:16.699
[715.68,50.3434]
[815.629,897.182]
[85.687,750.061]
[800.697,1399.28]
[285.653,250.014]
[385.936,749.972]
[385.493,550.042]
[714.772,250.299]
[585.611,50.1213]
[500.001,999.279]
[315.001,50.6225]
[85.5429,550.053]
[499.368,200.62]
[1000,800.997]
[999.423,1000]
[999.384,1300.64]
[999.401,1500]
[500.011,599.228]
[599.509,299.417]
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Pt[dBm] Rth[dBm] dmax[m] No. and placement of APs t1[h] t2[h] tt[h]
[500.009,799.423]
[400,300]
[200.009,500.911]
[200.006,700.845]
[200.003,99.3998]
[800,999.915]
[800,1500]
20 -55 55.97 50APs 0:13:38.889 0:1:32.32 0:15:10.921
[749.807,22.3326]
[850.429,975.858]
[23.3047,750.223]
[849.897,1423.49]
[250.57,22.6001]
[323.442,750.371]
[276.947,550.327]
[650.285,223.443]
[450.361,76.8787]
[500.116,955.91]
[450.226,277.639]
[450.17,523.377]
[223.136,250.321]
[76.9276,550.338]
[1000.04,855.909]
[517.698,647.459]
[1000,1000]
[950.309,1323.46]
[1000,1500]
[800,1300]
[500,800]
[800,801]
[200.129,755.909]
[600.13,44.0902]
[800.13,244.09]
[900,851]
[750.122,77.3384]
[800,901]
[1000,1400]
[400,600]
[700,300]
[600,300]
[100,800]
[100,700]
[400,0]
[500,0]
[300,300]
[300,200]
[200,500]
[200,600]
[400,700]
[400,800]
[500,200]
[400,200]
[300,100]
[200,100]
[0,600]
[0,500]
[900,1500]
[800,1500]
15 -76 353.18 5APs 0:0:1.887 0:0:1.831 0:0:1.718
[499.645,185.803]
[749.247,1249.55]
[314.051,638.821]
[999.997,800.004]
[999.997,1500]
15 -73 250.03 6APs 0:0:4.986 0:0:4.446 0:0:4.432
[210.45,67.4849]
[897.719,1272.89]
[199.764,649.716]
[500.017,749.995]
[976.837,823.241]
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Table B.7 – continued from previous page
Pt[dBm] Rth[dBm] dmax[m] No. and placement of APs t1[h] t2[h] tt[h]
[600.066,150.136]
15 -70 177 13APs 0:0:27.277 0:0:27.301 0:0:27.578
[650,88.3772]
[863.705,900.683]
[100.38,662.415]
[899.814,1400.64]
[300.463,138.513]
[400.032,663.555]
[500,999.227]
[500.006,299.2]
[700.078,201.281]
[200.312,299.282]
[499.275,500.646]
[299.443,500.728]
[0.728649,500.529]
15 -55 31.47 71 APs 0:47:25.708 0:3:9.913 0:50:35.621
[699.868, 0.0055914]
[799.998, 875]
[0.0340923, 799.418]
[900.502, 1300.36]
[299.985, 300.993]
[300.562, 700.018]
[300.248, 599.996]
[500.33, 299.82]
[500.325, 99.3858]
[499.978, 499.32]
[500.027, 999.132]
[99.4123, 600.662]
[200.152, 99.5031]
[700.021, 299.068]
[1000.12, 899.4]
[900, 975]
[999.347, 1500.17]
[800.017, 1499.07]
[800.009, 100.714]
[799.996, 975]
[500.045, 799.449]
[200.144, 799.184]
[399.986, 300.89]
[1000, 1300]
[700.989, 99.8869]
[1000, 1000]
[900, 1400]
[1000, 1400]
[899.97, 875]
[0, 500]
[100, 500]
[400, 100]
[400, 0]
[100, 700]
[100, 800]
[400, 500]
[400, 600]
[600, 300]
[600, 200]
[300, 0]
[300, 100]
[400, 800]
[300, 800]
[200, 500]
[300, 500]
[200, 200]
[200, 300]
[800, 200]
[800, 300]
[500.799, 600.097]
[600.934, 0.0395726]
[300, 200]
[400, 700]
[500, 200]
continued on next page
153
Appendix B Chapter 2: Evaluation of a Multi-objective Functions Model
Table B.7 – continued from previous page
Pt[dBm] Rth[dBm] dmax[m] No. and placement of APs t1[h] t2[h] tt[h]
[500, 0]
[0, 600]
[900, 1500]
[800, 1300]
[200, 600]
[200, 0]
[800, 1400]
[500, 700]
[600, 100]
[500, 900]
[800, 800]
[800, 0]
[700, 200]
[1000, 800]
[400, 200]
[200, 700]
[0, 700]
Table B.8: Power-based model – optimal number and placement of APs when ψ = 1
Pt[dBm] Rth[dBm] dmax[m] No. and placement of APs t1[h] t2[h] tt[h]
20 ≤-85 ≥1770 1 APs 0:0:0.4 0:0:0.1 0:0:0.5
[200.621, 0.783845]
20 -83 1406.04 1 APs 0:0:0.53 0:0:0.13 0:0:0.66
[499.001, 699.958]
20 -76 628.05 2 APs 0:0:0.163 0:0:0.77 00:00.233
[541.2, 520.5]
[999.29, 1499.29]
20 -73 444.6 3 APs 0:0:0.377 0:0:0.105 0:0:0.482
[500.004, 299.034]
[762.092, 1124.37]
[0.702166, 799.288]
20 -70 314.77 6 APs 0:0:2.337 0:0:0.130 0:0:2.467
[495.291, 23.1114]
[799.763, 1299.81]
[250.57, 690.513]
[999.479, 799.277]
[500, 999.665]
[494.871, 276.852]
20 -60 99.54 26 APs 0:4:45.839 0:0:05.189 0:4:51.28
[715.344, 50.343]
[815.649, 897.15]
[85.6864, 750.061]
[800.88, 1399.53]
[285.652, 250.014]
[386.011, 750.016]
[385.492, 550.042]
[714.772, 250.299]
[585.61, 50.1213]
[500.165, 999.415]
[315.002, 50.6223]
[85.5423, 550.053]
[499.496, 200.777]
[1000.17, 800.838]
[999.509, 1000.18]
[999.515, 1300.78]
[999.481, 1500.1]
[500.099, 599.368]
[599.658, 299.482]
[500.208, 799.48]
[400, 299.881]
[200.209, 500.93]
[200.151, 700.956]
[200.101, 99.4853]
[800, 999.917]
[800, 1500]
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Pt[dBm] Rth[dBm] dmax[m] No. and placement of APs t1[h] t2[h] tt[h]
17 ≤-89 ≥1986.09 1 APs 0:0:0.38 0:0:0.16 0:0:0.54
[200.621, 0.783845]
17 -87 1577.6 1 APs 0:0:0.59 0:0:0.37 0:0:0.96
[300.917, 200.399]
17 -85 1253.1 1 APs 0:0:0.53 0:0:0.23 0:0:0.76
[800.191, 999.018]
17 -83 995.4 1 APs 0:0:0.63 0:0:0.15 0:0:0.78
[499.043, 799.709]
17 -70 222.84 7 APs 0:0:3.717 0:0:3.97 0:0:3.814
[636.6, 150]
[904.9, 1303.4]
[162.9, 648.3]
[808.3, 913.4]
[363.9, 149.6]
[ 522, 613.9]
[500, 1000]
17 -60 70.46 50 APs 0:11:55.560 0:0:4.407 0:11:55.967
[549.289, 50.1096]
[862.111, 908.578]
[50.0571, 748.889]
[849.412, 1449.91]
[251.021, 50.4859]
[250.114, 551.601]
[451.398, 850.33]
[650.231, 248.831]
[49.1227, 550.303]
[449.087, 249.897]
[250.109, 248.754]
[749.958, 51.9106]
[1000.17, 870.46]
[450.193, 651.507]
[500, 1000]
[250.187, 751.587]
[952.158, 1349.97]
[1000, 1500]
[800, 1300]
[968.775, 1000.17]
[430.157, 500.216]
[800.1, 230.258]
[400.014, 30.1545]
[800, 800.011]
[800, 999.989]
[551.353, 50.3304]
[400, 800]
[900, 1300]
[529.281, 602.662]
[400, 600]
[500, 200]
[700, 0]
[800, 0]
[500, 300]
[200, 300]
[300, 300]
[200, 700]
[300, 700]
[100, 800]
[0, 800]
[900, 1500]
[900, 1400]
[700, 300]
[600, 300]
[300, 500]
[100, 600]
[100, 500]
[200, 500]
[200, 0]
[200, 100]
15 -83 790.6 2 APs 0:0:0.184 0:0:0.94 0:0:0.278
[499, 699.9]
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Pt[dBm] Rth[dBm] dmax[m] No. and placement of APs t1[h] t2[h] tt[h]
[999.2, 1499.4]
15 -76 353.18 5 APs 0:0:0.895 0:0:0.60 0:0:01.0
[499.78, 186]
[749.2, 1249.5]
[314, 638.8]
[999.99, 800]
[999.99, 1500]
15 -73 250.03 6 APs 0:0:3.374 0:0:0.189 0:0:3.563
[601.65, 147.791]
[897.7, 1272.88]
[198.83, 648.44]
[500.69, 749.99]
[976.873, 823.24]
[211.3, 232.95]
15 -70 177 13 APs 0:0:15.275 0:0:4.265 0:0:19.540
[650.225, 93.5009]
[863.175, 900.656]
[100.359, 661.955]
[900.518, 1400.72]
[300.55, 139.091]
[400.019, 663.142]
[500, 999.284]
[500.009, 299.201]
[699.063, 184.072]
[200.705, 299.291]
[499.295, 500.695]
[299.624, 500.721]
[0.395033, 500.73]
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Table C.1: Optimal number and placement of APs for the IC factory building assuming
loss associated to doors is 0 dB
Pt[dBm] Rth[dBm] f [GHz] pl[dB] No. and placement of APs tt[s]
20 -95 2.4 0 [23.6405,24.45] 5.609
20 -91 0 [25.2871,25.1577] 5.515
20 -85 0 [23.4377,39.525] 5.5
20 -82 0 [52.3717,33.4677] 71.343
[2.73328,1.79589]
20 -80 0 [49.8769,34.3357] 73.468
[2.25502,1.68144]
20 -77 0 [43.5682,36.7201] 72.984
[1.501,1.501]
20 -73 0 [20.8362,20.8489] 76.281
[54.8936,36.4132]
20 -70 0 [46.9642,33.3741] 165.234
[19.2135,12.0344]
20 -60 0 [28.9441,18.2781] 293.656
[8.3455,20.8829]
[47.4400,32.1954]
20 -55 0 [11.125,15.1122] 991.25
[51.7223,32.5142]
[28.1979,17.3328]
[21.579,39.9654]
[45.8073,7.0255]
10 -95 0 [23.4377,39.525] 6.281
10 -60 0 [51.225,26.2683] 2648.81
[15.2203,18.371]
[34.4861,32.5314]
[36.5213,16.2503]
[21.5682,5.84517]
[54.0919,33.593]
[8.34226,33.1865]
10 -55 0 [46.0589,40 5] 10468.4
[9.30894,9.23075]
[57.075,36.6]
[35.434,30.6618]
[60,27.4924]
[7.35,27.6698]
[19.4582,8.65237]
[44.4657,21.8364]
[22.0117,24.7602]
[10.5792,36.6]
[49.5146,27.5161]
[8.66983,17.4412]
[34.3476,11.5524]
[33.674,19.051]
20 -95 5.35 0 [23.7302,40 5] 5.656
20 -85 0 [46.9933,35.4791] 67.671
[1.501,1.501]
20 -80 0 [21.5427,20.7331] 76.984
[54.979,38.4088]
20 -70 0 [47.6074,31.6336] 237.593
[29.2946,23.793]
[9.87899,14.78]
20 -60 0 [40.492,19.0439] 1961.45
[9.4059,19.832]
[50.8291,33.1596]
[26.7563,40.51]
[54.7249,23.0649]
[21.677,8.8421]
20 -55 0 [31.4162,11.1296] 4337.45
[12.0555,17.2057]
[42.5144,38.4981]
[9.0829,33.0829]
[57.075,38.55]
[54.15,26.857]
[22.6738,24.1851]
[39.8001,23.5259]
[11.7385,1.501]
20 -95 1 8 0 [26.9296,21.573] 5.875
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Pt[dBm] Rth[dBm] f [GHz] pl[dB] No. and placement of APs tt[s]
20 -85 0 [23.7302,40 5] 5.656
20 -80 0 [52.279,33.5776] 69.937
[1.501,1.501]
20 -70 0 [21.5545,20.338] 72.046
[55.0465,38.4717]
20 -60 0 [32.7262,21.382] 225.312
[9.75181,15.8049]
[51.224,32.699]
20 -55 0 [55.3203,32.7] 509.187
[11.9762,22.3511]
[36.9688,24.5784]
[21.976,11.251]
10 -55 0 [53.6089,34.6395] 5337.67
[31.4723,12.26]
[36.1132,34.4656]
[5.14057,17.5034]
[56.5882,25.5169]
[11.1388,9.32721]
[20.725,20.7978]
[40.1022,23.5792]
[11.5973,28.7854]
Table C.2: Optimal number and placement of APs for the IC factory building assuming
loss associated to doors is 2 dB
Pt[dBm] Rth[dBm] f [GHz] pl[dB] No. and placement of APs tt[s]
20 -95 2.4 0 [24.4284,24.9752] 5.5
20 -91 0 [24.6077,40.5] 5.468
20 -85 0 [51.6239,33.8463] 62.828
[1.501,1.501]
20 -80 0 [45.4536,35.4643] 57.812
[2.02648,1.62675]
20 -77 0 [22.0042,21.3772] 73.89
[58.7972,39.4623]
20 -70 0 [22.6381,28.2645] 245.562
[44.777,32.7711]
[3.46319,6.56921]
20 -60 0 [27.5815,24.4057] 489.609
[52.3953,30.75]
[10.7933,21.3411]
[10.276,5.8885]
20 -55 0 [25.4838,12.7439] 980.234
[27.7173,40.5]
[12.0666,18.9423]
[53.2983,32.3897]
[45.4584,17.0562]
10 -95 0 [51.6239,33.8463] 67.656
[1.501,1.501]
10 -60 0 [54.491,34.183] 3889.28
[27.169,6.7007]
[36.0068,34.65]
[11.5073,11.941]
[19.9586,26.060]
[50.4528,25.797]
[30.0253,18.011]
[6.4567,25.147]
10 -55 0 [59.2484,25.8819] 11212.5
[2.475,14.4748]
[33.3454,18.3074]
[25.7016,9.36291]
[55.502,34.908]
[48.9631,27.2681]
[18.7894,25.4407]
[18.2937,16.0136]
[43.5134,40.0487]
[46.6023,17.3368]
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Table C.2 – continued from previous page
Pt[dBm] Rth[dBm] f [GHz] pl[dB] No. and placement of APs tt[s]
[9.14332,6.09228]
[26.241,31.9871]
[6.88102,28.9071]
[39.8926,29.0447]
Table C.3: Optimal number and placement of APs for the office building assuming loss
related to doors is 2 dB
Pt[dBm] Rth[dBm] f [GHz] M Users pl[dB] No. and placement of APs tt[s]
20 -95 2.4 223 0 [42.058,9.46237] 2.5
20 -91 0 [45.5876,14.598] 13.609
[4.6292,3.33148]
20 -85 0 [55.9739,16.7912] 11.296
[5.22055,28.9645]
20 -89 0 [45.5235,14.1297] 14.171
[2.98871,2.50101]
20 -82 0 [47.6011,13.151] 12.421
[6.14857,5.18706]
20 -80 0 [25.6198,12.8916] 12.75
[72.973,7.44765]
20 -77 0 [15.0898,7.43838] 19.937
[61.8385,22.6208]
20 -73 0 [22.7903,6.51896] 40.046
[62.6603,25.4467]
[10.401,6.051]
20 -60 0 [19.2832,6.61855] 112.328
[54.8644,22.0353]
[70.4,9.425]
[20.001,24.1246]
20 -55 0 [31.953,27.4939] 359.343
[64.5758,6.65725]
[16.07,7.04842]
[11.3921,24.7797]
[60.5362,24.337]
[42.2133,14.2427]
15 -95 0 [44.0222,14.6126] 13.734
[4.25289,3.14098]
15 -85 0 [25.6198,12.8916] 12.781
[72.973,7.44765]
15 -73 0 [14.3533,14.4698] 49.406
[53.138,22.8488]
[63.3279,6.2696]
15 -60 0 [31.953,27.4939] 359.812
[64.5758,6.65725]
[16.07,7.04842]
[11.3921,24.7797]
[60.5362,24.337]
[42.2133,14.2427]
15 -55 0 [33.5446,5.65502] 651.421
[41.7324,23.0323]
[21.7212,26.127]
[63.7696,22.9444]
[12.8704,4.76242]
[68.6711,4.92938]
[54.1285,13.664]
[13.9146,17.68]
10 -95 0 [55.9739,16.7912] 11.296
[5.22055,28.9645]
10 -91 0 [26.1791,12.3311] 13.531
[70.96,4.49002]
10 -85 0 [15.9624,5.7525] 18.078
[63.1263,23.7148]
10 -80 0 [15.0706,10.8035] 43.031
[41.2155,23.9037]
[71.6698,2.675]
continued on next page
160
Appendix C Chapter 3: Network Planning – Proposed Optimisation Model
Table C.3 – continued from previous page
Pt[dBm] Rth[dBm] f [GHz] M Users pl[dB] No. and placement of APs tt[s]
10 -73 0 [42.6714,8.17161] 92.125
[65.754,18.0402]
[33.6734,20.0734]
[12.2867,20.449]
10 -60 0 [33.5446,5.65502] 678.453
[41.7324,23.0323]
[21.7212,26.127]
[63.7696,22.9444]
[12.8704,4.76242]
[68.6711,4.92938]
[54.1285,13.664]
[13.9146,17.68]
10 -55 0 [70.4,8.85051] 2121.2
[70.4,27.65]
[17.4643,6.10517]
[58.4059,25.434]
[6.51744,6.38155]
[68.7544,3.35]
[41.4682,27.7891]
[18.2793,22.046]
[5.6325,22.0966]
[62.8637,16.4558]
[53.3843,8.35851]
[43.065,17.0629]
[28.5926,25.0119]
[30.801,14.151]
6 -95 0 [26.1791,12.3311] 13.531
[70.96,4.49002]
6 -85 0 [32.9756,21.8141] 41.375
[65.0181,20.6497]
[13.1801,7.55165]
6 -73 0 [54.1174,6.63242] 173.687
[33.4583,23.4325]
[12.8,5.64243]
[9.6005,17.9953]
[70.399,22.249]
6 -60 0 [63.2,15.5214] 1667.72
[68.6,27.65]
[18.9371,9.53036]
[37.995,28.0609]
[21.9393,23.2531]
[69.2,2.675]
[39.3353,13.6737]
[10.6616,21.3864]
[54.3446,23.9257]
[52.687,6.38404]
[5.49246,6.17886]
[16.401,7.401]
6 -55 0 [47.2914,29] 12747.7
[46.2986,18.3793]
[16.568,3.35]
[61.875,27.713]
[3.8,23.4263]
[57.1555,16.0279]
[66.7607,15.4103]
[5.6,26.3]
[9.0056,11.5]
[17.3284,6.23611]
[70.3623,17.8813]
[20.2235,26.3]
[45.9123,6.977]
[60.2337,3.38]
[73.6843,6.05]
[30.6311,27.65]
[19.3243,17.0662]
[5.432,3.38]
[54.5297,20.7032]
[37.6071,23.5478]
[74,29]
[32.6925,6.60629]
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Pt[dBm] Rth[dBm] f [GHz] M Users pl[dB] No. and placement of APs tt[s]
[30.5413,20.1122]
[52.567,8.3505]
20 -95 2.4 183 0 [41.8577,9.44739] 0.921
20 -85 0 [53.9118,11.6701] 8.843
[2.001,2.001]
20 -80 0 [58.0212,5.38784] 11.171
[5.601,26.699]
20 -77 0 [58.4793,5.17642] 10.843
[2.30039,26.6915]
20 -73 0 [58.5589,5.66997] 8.984
[9.201,26.049]
20 -60 0 [33.5562,8.9933] 36.468
[60.8764,25.9794]
[9.201,9.801]
20 -55 0 [44.0955,15.9147] 130.937
[22.0074,21.8906]
[8.60361,13.9235]
[59.6204,23.6289]
[70.399,5.901]
10 -95 0 [53.9118,11.6701] 8.828
[2.001,2.001]
10 -91 0 [54.0382,11.3673] 10.031
[5.6,2.001]
10 -85 0 [17.4555,21.9195] 10
[59.2643,7.54645]
10 -80 0 [20.6782,12.1858] 18.156
[59.2256,22.1386]
10 -73 0 [23.5395,11.6939] 35.375
[61.898,24.7872]
[12.801,8.501]
10 -60 0 [30.5178,6.53999] 263.953
[51.2,15.0844]
[13.8207,17.6334]
[43.0264,25.3124]
[65.5444,16.1159]
[23.601,18.899]
10 -55 0 [5.80163,13.737] 720.906
[56.4603,16.2926]
[18.7562,8.5197]
[30.3432,14.3993]
[17.9507,23.533]
[51.7418,7.82684]
[70.6929,15.3852]
[43.7963,18.802]
[62.1142,25.771]
20 -95 2.4 158 0 [49.7921,6.96107] 0.781
20 -91 0 [51.463,3.86849] 1.046
20 -85 0 [53.3532,12.1763] 7.515
[2.001,2.001]
20 -80 0 [53.9295,13.6891] 9.781
[2,7.98543]
20 -77 0 [56.452,12.2193] 8.078
[17.1206,3.05]
20 -73 0 [58.2973,6.08547] 8.968
[16.401,22.999]
20 -60 0 [33.2823,10.6882] 31.75
[62.1475,16.97]
[9.71292,9.99504]
20 -55 0 [24.8731,13.1894] 63.859
[48.5507,9.04132]
[66.8977,16.1559]
[5.77832,21.5868]
10 -95 0 [53.3532,12.1763] 7.578
[2.001,2.001]
10 -91 0 [53.4716,13.2752] 9.046
[2,2.001]
10 -85 0 [54.524,14.4128] 9.687
[9.2,8.09067]
10 -80 0 [18.4842,11.6757] 8.734
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Table C.3 – continued from previous page
Pt[dBm] Rth[dBm] f [GHz] M Users pl[dB] No. and placement of APs tt[s]
[58.1,13.1334]
10 -60 0 [13.001,17.4389] 160.984
[65.6,15.8968]
[23.9285,7.55147]
[52.5479,15.58]
[38.001,7.251]
10 -55 0 [50.9706,7.17751] 571.109
[30.8291,15.6063]
[70.4216,15.9636]
[14.1378,16.8879]
[20.8287,12.5071]
[47.8099,16.1445]
[5.33,13.6924]
[61.069,18.3528]
Table C.4: Optimal number and placement of APs for the office building assuming loss
associated to doors is 0 dB
Pt[dBm] Rth[dBm] f [GHz] M Users pl[dB] No and placement of APs tt[s]
20 -95 2.4 223 0 [41.322,20.1033] 4.312
20 -85 0 [55.2469,18.612] 18.75
[8.83646,2.22975]
20 -80 0 [58.8388,11.3603] 23.062
[16.0461,8.66702]
20 -60 0 [72.7833,9.11052] 161.812
[10.7265,19.6492]
[29.1668,5.91431]
[52.7942,21.4588]
20 -55 0 [44.7434,13.8623] 575.39
[61.7672,3.6302]
[9.74655,13.7674]
[66.5117,23.8333]
[27.904,1.9]
[20.7824,20.7002]
20 -80 5.35 223 0 [47.6917,15.4016] 56.796
[13.3944,11.5096]
[73.999,2.851]
20 -60 0 [53.4178,6.55819] 631.562
[32.2696,5.58783]
[8.21837,18.7965]
[60.8646,23.1736]
[28.4262,17.5753]
[72.7833,13.6477]
[10.0449,4.56301]
20 -80 1.8 223 0 [58.4964,20.7617] 18.296
[22.3388,0.339659]
20 -60 0 [51.3861,5.7905] 143.359
[16.7469,20.5407]
[10.7284,4.32446]
[69.7812,22.8936]
Table C.5: Optimal number and placement of APs for the F-building with the distribution
of 402 users
Pt[dBm] Rth[dBm] pl[dB] No. and placement of APs tt[s]
20 -95 0 [29.0337,1.77581] 1.734
20 -90 0 [38.9224,3.6568] 1.421
20 -88 0 [38.8481,3.68113] 1.421
20 -84 0 [43.8115,18.3481] 1.437
20 -80 0 [40.1347,14.6848] 3.078
20 -77 0 [52.3998,18.4492] 12.406
[2.001,0.501]
continued on next page
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Table C.5 – continued from previous page
Pt[dBm] Rth[dBm] pl[dB] No. and placement of APs tt[s]
20 -73 0 [53.9493,13.9671] 13.25
[2.001,0.501]
20 -60 0 [55.765,8.38004] 15.718
[24.9623,10.2937]
20 -55 0 [68.5,5.16553] 52.562
[31.0177,12.4905]
[19.2099,8.99605]
15 -95 0 [38.9224,3.6568] 1.796
15 -90 0 [43.6884,18.3077] 1.812
15 -88 0 [43.8114,18.348] 1.843
15 -84 0 [40.0203,14.8495] 1.859
15 -80 0 [52.2985,17.8308] 12.5
[2.001,0.501]
15 -77 0 [53.9453,15.2502] 16.921
[2.001,0.501]
15 -73 0 [49.6851,16.858] 19.703
[5.325,0.750357]
15 -60 0 [68.5,5.16553] 52.328
[31.0177,12.4905]
[19.2099,8.99605]
15 -55 0 [29.5656,12.3224] 48.515
[68.5,1.1018]
[13.4841,13.0189]
10 -95 0 [43.6884,18.3077] 1.843
10 -90 0 [40.1347,14.6848] 3.921
10 -88 0 [39.7167,14.2456] 8.968
10 -84 0 [52.2092,17.7901] 19.062
[2.001,0.501]
10 -80 0 [53.8683,15.309] 26.281
[2.001,0.501]
10 -77 0 [49.1255,17.7143] 20.921
[6.6688,0.994167]
10 -73 0 [48.0202,10.4803] 23.484
[25.8825,10.4025]
10 -60 0 [29.5656,12.3224] 48.375
[68.5,1.1018]
[13.4841,13.0189]
10 -55 0 [9.75121,9.29933] 126.171
[61.3425,1.60581]
[34.1498,8.98598]
[19.8291,2.79948]
Table C.6: Optimal number and placement of APs for the F-building with the distribution
of 510 users
Pt[dBm] Rth[dBm] pl[dB] No. and placement of APs tt[s]
20 -95 0 [31.3882,1.98489] 2.25
20 -84 0 [44.1082,18.4453] 1.875
20 -80 0 [41.4677,15.7623] 6.5
20 -73 0 [53.571,15.2335] 16.875
[2.001,0.501]
20 -72 0 [53.9452,15.2502] 20.656
[2.001,0.501]
20 -60 0 [53.57,5.41025] 20.468
[19.9272,11.99]
20 -55 0 [61.0473,10.5342] 62.843
[34.2135,12.126]
[19.0149,8.89976]
15 -72 0 [49.1237,17.7153]
[6.66881,0.99417]
15 -60 0 [61.0473,10.5342] 62.546
[34.2135,12.126]
[19.0149,8.89976]
15 -55 0 [50.8982,8.21933] 179.218
[13.7761,7.99985]
[29.2966,11.2415]
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Table C.6 – continued from previous page
Pt[dBm] Rth[dBm] pl[dB] No. and placement of APs tt[s]
[68.499,0.501]
10 -95 0 [43.6884,18.3077] 1.843
10 -84 0 [52.2324,17.8155] 16.359
[2.001,0.501]
10 -80 0 [53.896,15.2731] 26.171
[2.001,0.501]
10 -72 0 [54.0252,7.7211] 24.078
[20.0275,11.5945]
10 -73 0 [48.7554,9.46855] 23.468
[26.0928,10.2977]
10 -60 0 [50.8982,8.21933] 171.046
[13.7761,7.99985]
[29.2966,11.2415]
[68.499,0.501]
10 -55 0 [21.4737,7.01476] 344.953
[54.8838,10.7846]
[39.2583,11.2737]
[60.5355,2.09941]
[8.72367,7.06506]
Table C.7: Optimal number and placement of APs in the F-building with the distribution
of 510 users when the carrier frequency is 5.35 GHz
Pt[dBm] Rth[dBm] pl[dB] No. and placement of APs tt[s]
20 -95 0 [38.1519,3.80042] 1.859
20 -84 0 [52.3998,18.4492] 12.562
[2.001,0.501]
20 -80 0 [53.5626,15.2183] 14.39
[2.001,0.501]
20 -73 0 [49.0825,7.69846] 23.25
[29.4916,12.561]
20 -70 0 [48.8062,9.3914] 21.187
[26.0868,10.3007]
20 -60 0 [38.7481,10.5398] 66.187
[59.7776,6.38736]
[21.2914,8.85377]
20 -55 0 [30.0258,10.1041] 283.64
[60.824,2.86438]
[17.534,6.13913]
[44.9966,10.0977]
[7.4527,20.135]
10 -95 0 [39.923,14.3839] 8.031
10 -84 0 [49.1206,17.7171] 26.234
[6.66882,0.994173]
10 -80 0 [48.8062,9.3914] 21.187
[26.0868,10.3007]
10 -73 0 [61.1663,11.0907] 70.312
[33.8417,13.1617]
[18.1465,10.0466]
10 -70 0 [38.7481,10.5398] 66.203
[59.7776,6.38736]
[21.2914,8.85377]
10 -60 0 [29.5285,12.7366] 797.515
[58.525,10.6537]
[45.8106,11.028]
[20.7922,3.02643]
[59.6333,1.95333]
[6.16593,6.02089]
[8.651,13.034]
10 -55 0 [46.7979,10.4386] 2903.23
[56.357,0.727491]
[8.55119,12.5534]
[34.2711,16.2825]
[21.6578,0.5]
[20.6786,12.9886]
[54.0174,10.5661]
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Table C.7 – continued from previous page
Pt[dBm] Rth[dBm] pl[dB] No. and placement of APs tt[s]
[11.1898,6.34965]
[63.5125,6.82434]
[14.46,6.76531]
Table C.8: Optimal number and placement of APs for the T-building with distribution of
480 users
Pt[dBm] Rth[dBm] pl[dB] No. and placement of APs tt[s]
20 -95 0 [42.3827,4.38195] 37.484
[3.94158,8.86459]
20 -90 0 [50.0627,6.72322] 31.109
[8.70047,7.53515]
20 -88 0 [27.2001,12.8876] 45.234
[76.999,33.999]
20 -82 0 [52.3398,21.9357] 47.578
[14.6307,7.10557]
20 -80 0 [51.2193,22.6126] 66.031
[7.7572,6.89244]
20 -77 0 [50.2935,23.4743] 65.906
[8.90574,5.64105]
20 -73 0 [54.4674,22.7978] 159.703
[19.4722,3.03]
[16.4906,33.4048]
20 -72 0 [49.2181,23.0521] 150.421
[15.8787,14.8233]
[73.219,33.999]
20 -60 0 [13.7957,12.7676] 514.171
[77,24.2194]
[52.1243,10.4986]
[44.1633,24.9576]
[8.961,32.369]
20 -55 0 [30.9202,19.438] 1007.56
[10.0926,6.33797]
[76.2785,22.2351]
[47.0819,29.6335]
[5.32618,25.6852]
[53.1867,3.6639]
15 -95 0 [50.0627,6.72322] 31.125
[8.70047,7.53515]
15 -91 0 [27.2046,11.2524] 47.187
[73.219,33.999]
15 -84 0 [57.4453,23.3801] 66.421
[6.76581,13.2303]
15 -80 0 [55.4124,23.7829] 102.812
[16.2375,14.3957]
15 -73 0 [15.7003,15.1119] 285.75
[65.66,17.9596]
[45.1155,19.0797]
[7.47533,33.618]
15 -60 0 [30.9202,19.438] 971.14
[10.0926,6.33797]
[76.2785,22.2351]
[47.0819,29.6335]
[5.32618,25.6852]
[53.1867,3.6639]
15 -55 0 [1.4,23.7095] 2493.95
[56.4185,25.7715]
[77,16.4727]
[43.0265,30.74]
[16.9566,13.5649]
[30.9084,19.4012]
[12.0305,32.37]
[4.84414,6.14619]
[41.089,1.401]
10 -80 0 [12.8214,16.7469] 145.187
[45.2923,23.1226]
[71.959,32.9123]
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Table C.8 – continued from previous page
Pt[dBm] Rth[dBm] pl[dB] No. and placement of APs tt[s]
10 -73 0 [77,11.6234] 521.75
[10.5763,10.4478]
[55.0093,19.7705]
[40.1521,21.736]
[6.00785,32.1523]
10 -72 0 [15.2986,10.2438] 496.203
[77,24.8805]
[62.1185,24.9689]
[42.1922,19.8596]
[5.181,33.999]
10 -55 0 [38.3268,19.0991] 6064.92
[41.1299,24.6847]
[47.4139,32.6592]
[73.22,17.59]
[4.57394,32.6313]
[18.5531,17.1623]
[4.8965,17.866]
[1.4,5.17582]
[10.3844,3.15134]
[10.7793,28.2432]
[60.0653,26.5548]
[55.329,6.40999]
[31.0349,10.9197]
Table C.9: Optimal number and placement of APs for the T-building when loss associated
to windows is 5 dB
Pt[dBm] Rth[dBm] pl[dB] No. and placement of APs tt[s]
20 -95 0 [46.3933,4.50736] 48.015
[5.35644,8.43521]
20 -88 0 [24.9053,22.699] 43.531
[76.999,33.999]
20 -80 0 [54.8225,23.5569] 39.562
[18.5399,18.7398]
20 -77 0 [55.8081,23.936] 45.343
[15.3075,17.2507]
20 -73 0 [4.88996,13.5636] 133.359
[43.8239,21.7048]
[71.0769,32.9735]
20 -60 0 [25.5318,17.1001] 867.953
[67.55,25.0976]
[69.44,7.27347]
[43.8553,22.9036]
[7.13192,23.8949]
[5.181,1.401]
20 -55 0 [77,22.76] 840.64
[30.1001,17.6748]
[44.1853,21.1434]
[57.7391,22.9095]
[4.80805,24.7154]
[7.37973,5.55481]
15 -95 0 [25.3233,21.9996] 41.562
[76.999,33.999]
15 -91 0 [21.3024,19.3371] 44
[77,33.3674]
15 -80 0 [55.2016,24.235] 48.046
[15.7897,17.6901]
15 -73 0 [18.5753,14.0657] 314.109
[47.1123,20.8126]
[73.22,7.895]
[5.94653,34]
15 -60 0 [77,22.76] 849.515
[30.1001,17.6748]
[44.1853,21.1434]
[57.7391,22.9095]
[4.80805,24.7154]
[7.37973,5.55481]
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Appendix D
Capacity Planning
The key issues to consider in the design of wireless LANs is to determine the RF coverage
from a single AP, while accounting for the RF signal loss factor due to obstacles, and ensur-
ing sufficient capacity to support the user population. Even for many experienced network
designers, designing enterprise wireless LANs is a new art. A factor which comes into play
with the IEEE 802.11 wireless LAN is the trade-off between the coverage, capacity, and
deployment cost.
Capacity in wireless networks is the amount of data or number of users that can simulta-
neously be accommodated on the network. More data will be carried by the network when
there are more users on the network. Users who are conducing critical activity such as
voice over wireless LAN, cause the total available bandwidth to shrink more. If the amount
of data carried exceeds the capacity of the AP, the packet loss, or loss of connectivity can
happen.
Parameters that affect capacity are: transmit power, receiver threshold/sensitivity, in-
terference, number of users accessing one AP, technology type, antenna type, and type of
application used by the users. In the following subsections, we describe the ones that are
not discussed in Chapter 5.
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D.1 Effect of Parameters on Capacity
D.1.1 Transmit Power and Receive Threshold
In Subsection 5.1.3 and 5.1.2, through case studies, we showed the effect of these parame-
ters on cell size and consequently on capacity. In order to make the process automatic, the
power can be adjusted dynamically.
Dynamic Power Control
When APs are able to modify their cell size by adjusting their power dynamically, they will
be able to increase the capacity and change coverage as the need arises [30, 32, 67, 79, 89].
In this case, the neighbouring AP that is not overloaded increases its power allowing some
of the clients of the overloaded neighbouring AP to move to its cell. Then, the overloaded
AP reduces its own power level and consequently its cell size [68]. While distant clients
move to the new cell, the data rate for the mobile users who are closer to the overloaded AP
are increasing and the battery life of the client’s PC increases as well [63].
D.1.2 Dynamic Load Balancing
Wireless LAN can provide worse performance than wired data network due to its shared
nature of the media, which is radio wave. Since mobile users are moving around within the
wireless LAN, their number being served by an AP can vary suddenly from a low number to
a very high one. In this case, the AP become overloaded, and resulting in lower transmission
speed and higher error rate, and consequently degrading the service received by users. This
and other factors lead to the problem of reliability and availability [32].
The remedy to this problem is to limit the number of clients associating with one AP.
An AP should be able to transfer the mobile users to another AP dynamically if its load
increases beyond its capacity. To perform this task, it is required to know the load on
each channel in order to detect the heavily loaded channels and the lightly loaded channels.
These information can be achieved by using the statistics of channel loads in the recent
past and then exchanging this information with neighbouring APs periodically. The over-
loaded APs should be able to forcingly switch a mobile user to another AP based on load
information [68].
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D.1.3 Application Type
The number of users associating with an AP and their application are also the major drivers
of bandwidth requirement. The designer must account for the type of applications clients
are using in different areas. For example, lecture theatres, tutorial rooms, engineering of-
fices require more bandwidth than users who are sending email in hotspots areas.
D.1.4 Channel Assignment
Unlike wired communication systems, wireless networks are more subject to interference
due to the signal that is transmitted in an irregular way aiming to reach receiver located
in an unknown place. It has been recognised that interference is the major bottleneck in
increasing capacity [69].
There are two major types of interferences in a cellular architecture. The co-channel
interference is caused by the cells using the same frequency in different clusters [43, 63].
The interference caused from different frequency channel within a cluster is called adjacent
channel interference [63].
Channel assignment, which is referred to the process of allocating channel to each AP, is
used to reduce interference among the APs. The spectrum of the 802.11b and 802.11g that
are occupying the 2.4 GHz band, is divided into fourteen channels where each is separated
from the other by 5 MHz. The occupied bandwidth within each channel in the 802.11b is
22 MHz and in the 802.11g is 16.6 MHz [60]. Since the adjacent channels have significant
bandwidth overlap, they can cause sever interferences if they are assigned to the APs. Since
the overlapping channel can reduce the throughput of the system, the APs that are operating
in one area, must be assigned with non-overlapping channels. There are only three non-
overlapping channels in the 802.11b and 802.11g. Figure D.1 shows these three channels
[60].
Figure D.1: Non-overlapping channels in 802.11b set for U.S
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In the IEEE 802.11a that is operating in the 5.x GHz band, however, the spectrum is
divided into three bands. In the lower (5.15 - 5.25 MHz) and the middle (5.25 - 5.35) band,
there are eight non-overlapping channels with the total of 200 MHz bandwidth [37]. There
are also four non-overlapping channel in the upper (5.725 - 8.825) band with the total of
100 MHz bandwidth [37].
Techniques exists for channel assignment in cellular system are: fixed channel allocation
(FCA), dynamic channel allocation (DCA), and hybrid channel allocation (HCA) [43, 63].
These techniques can be used in wireless LAN system as well [68].
In fixed channel allocation, the area is divided into a number of cells and a set of
channels is assigned to each cell according to some reuse pattern during the planning
stage [43, 68]. The FCA strategies is simple to implement if the traffic in each cell is
the same. In other words, the number of users in each cell remain the same with the time.
In dynamic channel allocation (DCA), which is an efficient way of channel usage, the
channels are kept in a common pool and allocated to each cell as the need arises. This is
based on instantaneous traffic requirement of the cell. The DCA schemes is divided into
two categories [43]: centralised and distributed schemes. In compare with FCA, the DCA
is extremely complex and not very efficient under high traffic load condition.
The DCA technique operates better than the FCA under low to medium traffic. The
FCA is better at higher traffic loads. In order to take the advantages of both techniques, a
combination of both kinds called hybrid channel allocation can be used.
A comprehensive survey of schemes exist for channel assignment in cellular mobile
telecommunication systems is given in [43]
D.1.5 Using Directional Antennas
Using directional antennas is the simplest method in increasing capacity. This technique
reduces the signal-to-interference ratio, thus, reducing the cluster size. Directional antennas
reduces the co-channel interference by focusing the radio propagation in particular direction
[63].
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Glossary
access point (AP) – An AP or base station acts as points of access to the fixed part of the
wireless network. It receives and transmits information from and to the receiver/user.
adjacent-channel interference (ACI) – This interference is caused by extraneous power
from a signal in an adjacent channel. This is normally caused by inadequate filtering of the
receiver.
ad hoc mode – A WLAN mode in which wireless clients communicate directly among
themselves without the use of an access point.
antenna – A device for transmitting and receiving radio waves.
base station – A device/component for interfacing the wireless communication signal trav-
elling through the air medium to a wired network.
bit error rate – When data is transmitted through a medium, some of the signal can change
through the impairment of the medium or noise. At the receiver, the received signal is dif-
ferent to the one sent by the transmitter. Bit error rate is the probability that any given bit
of the received data will be in error.
bit per second (bps) – In data communication the bit per second is used as a common
measurement of how fast data is moving from one device to another.
Bluetooth – It is a wireless personal area network which is used as a cable replacing tech-
nology between a user and a peripheral device.
channel – A medium through which information is transmitted from transmitter to receiver.
cluster – A group of cells is called cluster.
data rate – Data rate corresponds to the speed that a digital signal transfers data between
two points. Data rate can give us an insight in how long does it take for the data to be
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transferred between the two points.
decibel (dB) – It is a unit employed to compute the logarithmic measure of power and
power ratio. By definition dB = 10log(P2/P1).
demand area – Areas within the design space/building where coverage is required for
users.
demodulation – At the receiver the process of separating information signal from carrier
signal is called demodulation.
design area – Outdoor or indoor areas where the APs are installed to provide coverage for
users to be able to access the network.
directional antenna – An antenna that transmits in one direction.
frame error rate – The frame error rate is the probability that a frame of length L bits
arrives with one or more bit errors.
frequency – The number of oscillation per second of a wave is called frequency and it is
denoted by f .
handoff – The process of transferring one user from an AP to another while conducting
activity without discontinuity is called handoff.
hotspots – Areas such as airport and lobby of hotels where wireless network is available to
the public.
IEEE – The Institute of Electrical and Electronic Engineers is a standards body in USA
that establishes standard for telecommunications.
IEEE 802.11b standard – A standard released by the IEEE in 1999 that defines the wire-
less local area networks at rate of 1, 2, 5.5, and 11 Mbps.
modulation – Signals consist of two components: the information signal and the carrier
signal. The process of combing the information signal and the carrier prior to transmis-
sion is called modulation. Modulation facilitates transmission of information over long
distances. The information and carrier signal can be compared with a paper and a stone.
Throwing a paper (information) by itself will not go far by itself, but if we wrap the paper
over the stone (carrier), it will be thrown over a longer distance.
non-overlapping channels – Their frequency band does not overlap.
omnidirectional antenna – An omnidirectional antenna send signal in uniform pattern in
all directions and it is also know as an isotropic antenna.
packet – Packet is the basic message unit for communication across a network. It usually
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contains routing information and data.
path loss – Loss of signal at the receiver due to distance between transmitter and receiver
and objects exist in the path of radio wave.
personal digital assistant (PDA) – Refers to a hand-held device that normally includes
features such as address book, calendar, contacts list, and software such as wordprocessing,
internet access, Microsoft outlook.
quality of service (QoS) – A network or system agreement that specifies uptime, response
time, data rate, acceptable error rates, and other conditions for a given service and desig-
nated user.
radio wave – An electromagnetic wave that is created when an electric current passes
through a conductor such as wire. Radio waves are part of the Electromagnetic Spectrum.
All waves of the Electromagnetic Spectrum travel at the same speed of 300,000 km per
second in space. The Electromagnetic Spectrum stretches from radio waves at the lowest
frequencies at one end up to Gamma Rays at the very highest frequencies.
receive sensitivity or receive threshold – The receive sensitivity of a radio indicates the
level of signal strength that must be present at the receiver to correctly receive the data rate
at a specified bit-error rate.
service set identifier (SSID) – SSID is a unique identifier that is assigned to an access
points.
signal-to-interference ratio (S/I) – The measure of signal strength from desired base sta-
tion to the signal strength from the interfering base station.
standard – A document that is established by consensus and approved by an accredited
organisation (e.g. the IEEE). This document provides for common and repeated use, rules,
guidelines, or characteristics for new activities that is going to be established or their results.
The aim is to achieve of the optimum degree of order and consistency in a given context.
terminal – User who is using computer to access information.
throughput – It is similar to data rate, however for calculating the throughput, the bits cor-
responds to overhead belong to the communication protocol is excluded.
wavelength – The distance between the two consecutive maxima or minima of a wave is
called wavelength and it is denoted by λ.
Wi-Fi (Wireless Fidelity) – Wi-Fi is the Alliance’s name for a wireless standard or proto-
col, used for wireless communication. In other words it is another name for wireless local
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area network.
wired equivalent privacy (WEP) – WEP is a pacification set by the IEEE for data encryp-
tion between wireless devices to prevent eavesdropping.
wireless local area network (WLAN) – WLAN is a local area network (LAN) without
wires. WLANs transfer data through the air using radio frequencies instead of cables.
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